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Abstract: 21 

We evaluated the vertical distribution of organic matter promoted by 22 

construction and maintenance of Uca thayeri biogenic sedimentary structures. By 23 

integrating field and laboratory approaches, we estimated the amount of organic matter 24 

transported by burrowing activity and chimney building processes. In the laboratory 25 

experiment, we used microcosms with different layers of organic matter content: upper 26 

(low content/10cm) and lower (high content/10cm). Sediment was physically 27 

transported from lower to upper layers in which chimney and burrow profiles reflected 28 

organic matter transport after crab activity. In the field experiment, we compared 29 

burrow and non-burrow profiles (without visible burrows); chimneys were collected and 30 

sediment samples were stratified in the upper (0-4 cm), upper intermediate (4-8 cm), 31 

lower intermediate (8-12 cm) and lower layers (12-20 cm), the latter which comprises 32 

maximum burrow depth for this species (~20 cm). Burrows had more organic matter 33 

than non-burrow layers, acting as traps for sediment and organic compounds. Chimneys 34 

showed lower organic matter content when compared to lower burrow layers. Thus, 35 

organic matter is disposed (e.g. washed by tides) or consumed (e.g. microbial 36 

community) after chimney shaping. The U. thayeri biogenic sedimentary structures 37 

affect organic matter vertical distribution of mangrove soils. Lab and field experiments 38 

seemed to be complementary for a better understanding of the whole process of organic 39 

matter distribution. Ecological implications of above-ground biogenic sedimentary 40 

structures are discussed. 41 

 42 
 43 
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1. Introduction 54 

 Estuarine ecosystem act as an important component in coastal zones due to their 55 

valuable ecological and economical services (Barbier et al., 2011; Day et al., 2013). 56 

Mangroves, salt marshes and other estuarine habitats are characterized by high primary 57 

productivity and efficient nutrient cycling (Jennerjahn and Ittekkot, 2002; Caffrey, 58 

2004); for protection of shorelines from erosion and natural disasters (Dahdouh-Guebas 59 

et al., 2005; Barbier, 2015), while also providing food and shelter for many species 60 

(Robertson and Duke, 1987; Nagelkerken et al., 2000; Huijbers et al., 2015). Owing to 61 

their environmental resources, estuaries are a nursery site and refuge for terrestrial, 62 

semiterrestrial and marine groups (Colpo et al., 2001; Nagelkerken et al., 2008; 63 

Huijbers et al., 2015). 64 

The organism’s behaviour is intrinsically related to environment dynamics 65 

(Jones et al., 1994; Nagelkerken et al., 2008). Bioturbation, bioirrigation and 66 

biodeposition processes promoted by estuary organisms affect soil biogeochemistry 67 

factors, which in turn can affect carbon and nitrogen cycles (Kristensen et al., 2001; 68 

Wang et al., 2010; Fanjul et al., 2011; Quintana et al., 2015), oxygen, pH, redox 69 

potential gradients (Aller, 1994; Araújo Jr. et al., 2012), granulometry and organic 70 

matter (Krantzberg, 1985; Penha-Lopez et al., 2010). Remineralization and organic 71 

matter lability play an important role in material flow through ecosystems (Jennerjahn 72 

and Ittekkot, 2002). Organic matter in estuarine soils is composed of labile (e.g. 73 

microbial biomass C) and refractory (e.g. plant dead tissues) organic compounds 74 

(McLusky and Elliott, 2004). Thus, organic matter is a valuable energy source in natural 75 

processes involving flora and fauna and ecosystem functioning (Alongi, 1996; Barbier 76 

et al., 2011).  77 



Some species construct and maintain sedimentary structures, defined by Frey 78 

(1973) as “a biogenic structure produced by the activity of an organism upon or within 79 

an unconsolidated particulate substrate", which are related to bioturbation and 80 

consequential biogeochemical effect on estuarine soil.  Biogenic sedimentary structures 81 

have been described for some estuarine groups, such as elasmobranchs (rays - Howard 82 

et al., 1977), annelids (polychaetes – François et al., 2002), fish (mudskipper – Dinh et 83 

al., 2014) and crustaceans (lobster - Ngoc-Ho and Saint Laurent, 2009; crabs - 84 

Kristensen, 2008; Kim et al., 2011). The shapes of these structures and hence their 85 

names vary (e.g. burrows, pillars, chimneys) as do their functions (e.g. sexual attraction, 86 

predation risk reduction, reduction of structure loss to an intruder). As well as having an 87 

ethological purpose, sedimentary structures are a key-factor in estuarine ecosystems soil 88 

conformation (Meysman et al., 2006).  89 

 The effects of ecosystem engineers are, directly or indirectly, related to resource 90 

availability and habitat shaping for other organisms (Bertness, 1985; Jones et al., 1994), 91 

from microbial communities (Bertics and Ziebis, 2009) to macrobenthic populations 92 

(Widdicombe et al, 2000). The engineer species create, maintain and modify 93 

surrounding areas by physical alterations in biotic and abiotic factors (Jones et al., 94 

1994). Filter feeders, grazers and burrowers are influential bioengineers on estuaries; 95 

among them, decapod crustaceans predominate in mangrove forests and salt marshes 96 

acting as biodiffusors and regenerators of sedimentary matrix (Kristensen et al., 2012). 97 

Burrowing crabs and their intrinsic behaviour (i.e. feeding, locomotion) are known to 98 

allogenically modify soil characteristics. For instance, by increasing the exposed surface 99 

area and sediment-water interface (Koo et al., 2007), enhancing CO2 release from 100 

stocked carbon to the atmosphere (Pülmanns et al., 2014), and altering soil nutrient 101 



availability (i.e. ammonium, sulphide, nitrogen) to other species (Smith et al., 1991; 102 

Fanjul et al., 2011).  103 

 Crabs of the genus Uca, also known as fiddler crabs, are semiterrestrial intertidal 104 

organisms with widespread distribution in estuarine ecosystems, occupying sandy and 105 

muddy substrates (Wolfrath, 1992; Thurman et al., 2013). Fiddler crabs are known for 106 

their high numbers in estuarine habitats, which facilitates their use as model organisms 107 

in comparative and ecological studies (Crane, 1975). Some of the species build above-108 

ground biogenic sedimentary structures associated or not with their burrows (Crane, 109 

1975). This behavioural strategy also varies in function and morphology, such as 110 

reducing aggression between males [hoods: Zucker (1981)], concealing the burrow 111 

entrance [chimneys: Slatyer et al. (2008)] and attracting females [pillar: Christy 112 

(1998b)]. The fiddler crab Uca thayeri (Rathbun, 1900) is one of most abundant in the 113 

western Atlantic Ocean (Costa and Negreiros-Fransozo, 2002; Thurman III et al., 2013). 114 

This species prefers muddy soils with high organic matter content, mainly in mangrove 115 

areas (Costa and Negreiros-Fransozo, 2001, 2003), where they construct and maintain 116 

burrows with associated structures in the shape of chimneys (Crane, 1975). The 117 

function of chimney-building behaviour in U. thayeri was related to territory defence by 118 

females in late gonadal stage and possibly to reproductive success (Salmon, 1987); also, 119 

Gusmão-Junior et al. (2012) showed that ovigerous females had more developed 120 

chimneys, which may be associated with maintenance of internal conditions inside 121 

burrows.   122 

 Previous studies already recognize the critical role played by fiddler crabs 123 

influence on mangrove soils (e.g. Kristensen, 2008; Kristensen et al., 2012; Fanjul et al., 124 

2015). However, the bioturbation potential promoted by estuarine crabs and its 125 

bioarrangements has not yet been substantially described.  In this context, we 126 



hypothesize that the construction and maintenance of U. thayeri biogenic sedimentary 127 

structures (burrows and chimney buildings) affects organic matter distribution on 128 

mangrove soils. By combining field and laboratory experiments, we estimated the 129 

sediment transportation on mangrove soils, evaluating the vertical distribution and 130 

amount of organic matter bioturbated by this crab. 131 

 132 

2. Material and methods 133 

2.1 Laboratory experiments 134 

2.1.1 Crab and sediment sampling design 135 

Crab and sediment were collected in Portinho Mangrove, Praia Grande - São 136 

Paulo/Brazil (23°59'16.74" S 46°24'26.28" W). We used U. thayeri adult females as our 137 

model species (carapace width larger than 13.9 mm; Negreiros-Fransozo et al., 2003).  138 

Only adult females were used because they actively built and maintain chimneys 139 

(Gusmão-Junior et al., 2012). Hence, we collected adult females [carapace width (±SE): 140 

17.57±0.41] that occupied burrows with chimney buildings. All crabs were acclimated 141 

with constant temperature (25°C) and photoperiod (daily light regime of 12h light/12h 142 

dark) for 48h. 143 

Sediment collection was conducted in two different areas with distinct organic 144 

matter (%) content and similar granulometry [silty clay (Shepard, 1954) - previous 145 

analysis]; both low [3.46 ± 0.22%] and high [20.61 ± 1.12%] organic matter from 146 

sediment was sieved (mesh/2mm) in order to remove macrofauna and detritus to avoid 147 

organic content overestimation. Afterwards, we removed the excess of water from 148 

sediment surface for both samples, since this could affect the stability and structure of 149 

the sediment matrix.  150 

 151 



2.1.2 Experimental design  152 

 We investigated the effect of crab bioturbation promoted by the construction and 153 

maintenance of biogenic sedimentary structures on vertical sediment distribution. 154 

Microcosms [35 cm (Ø) x 30 cm (h)] were established with low organic matter content 155 

in the top layer (upper 10 cm) and high organic matter content (lower 10 cm) in the 156 

bottom layer. The sediment layers were based on the maximum and mean depth of 157 

burrows constructed by U. thayeri (19.4 cm and 11.88 ± 3.2 cm, respectively – Moreto, 158 

unpublished data).  The experiment had three experimental groups (n = 8/each 159 

treatment): (1) control - absence of crabs, (2) burrow sampling and (3) next to burrow 160 

sampling.  161 

 Before allocation of crabs to the microcosms (To), we core-collected (diameter: 162 

three cm) three sediment layer samples with 10 cm depth (upper region) in each 163 

microcosm for posterior comparison. We carefully closed the holes with surrounding 164 

sediment.  Then, we allocated four adult females per microcosms (proportionally to the 165 

field density for this species), except for the control treatment, which we did not allocate 166 

any crab. Each microcosm was randomly allocated in the laboratory.  167 

After 72h of experiment (T1), chimney buildings [mean structure height (±SE): 168 

20.67±1.21 mm; mean structure width (±SE): 26.6±1.32 mm] of crab inclusion 169 

treatments and sediment samples (10 cm/upper region) (n=3/each microcosm) were 170 

collected, identified and frozen for posterior analysis. Corer collection (~3 Ø) 171 

comprised the whole burrow aperture for this species. Burrow architecture may vary in 172 

shape but is usually comprised of a single J-shaped structure (Wolfrath, 1992; Machado 173 

et al., 2013; Wang et al., 2015). Since the corer is thus able to sample the burrow in its 174 

vertical entirety (from top to bottom), its characteristic shape does not affect core 175 

collection. All samples of control (Figure 1a), burrow and next to burrow (Figure 1b) 176 



variables were referred to the upper sediment layer (10 cm), except for the chimneys 177 

buildings (Figure 1b, 1c). Posteriorly, samples were dried in oven (60°C, 72h) and 10g 178 

portions were burned in a muffle (500°C, 4h) by loss on ignition (Heiri et al., 2001) to 179 

obtain a measure of organic matter content and the percentage of ash free dry weight 180 

(AFDW).  181 

 182 

 183 

 184 

Figure 1: Overview of microcosms and its variables: a) Control treatment after 72h of 185 

experiment (T1); b) Sampling location of the variables (chimney, burrow and next to 186 



burrow) from treatment I (chimney and burrow) and/or treatment II (chimney and next 187 

to burrow); c) chimney building constructed by the female Uca thayeri. 188 

 189 

2.2 Field experiment 190 

2.2.1 Study site 191 

The experiment was conducted in a mangrove area (23°50'16.57" S; 46° 192 

9'10.11" W) at the Itapanhaú River, the main tributary of the Bertioga channel, which is 193 

associated to the Santos estuarine complex system, central coast of São Paulo State, 194 

Brazil. The Itapanhaú river discharges approximately 10 m³s-1 of freshwater 195 

(semidiurnal tide flow) and is fringed by mangrove areas characterized by the typical 196 

mangrove vegetation in Brazil (Rhizophora mangle, Avicennia shaueriana, and 197 

Laguncularia racemosa) (Eichler et al., 2006).  198 

  199 

2.2.2 Experimental design 200 

We carried out a field experiment to verify the distribution of organic matter in 201 

biogenic sedimentary structures (burrows and chimney buildings) and in the 202 

surrounding area, without visible burrows (non-burrow profile). Surveying was 203 

conducted between August and September 2012. The field experiment had two 204 

treatments (20 replicates each one): (1) non-burrow profile and (2) burrow profile.  We 205 

collected burrows with chimneys that were occupied by ovigerous females. We 206 

carefully collected the crabs, measured their carapace length (mm), and sampled all 207 

chimneys [mean structure height (±SE): 23.10±1.59 mm; mean structure width (±SE): 208 

39.37±1.01 mm]. All core-collected samples (20 cm) were stratified in situ in four 209 

layers: upper (0-4 cm), upper intermediate (4-8 cm), lower intermediate (8-12 cm) and 210 

lower layer (12-20 cm). Chimney buildings were compared with upper and lower layer 211 



of both treatments to prevent data dependence (see details in data analysis).  We chose a 212 

deeper lower layer based on the maximum and mean depth of U. thayeri burrows (19.4 213 

cm and 11.88 ± 3.2 cm, respectively – Moreto, unpublished data), which included the 214 

bottom surface. AFDW of all samples was obtained in the same way described for the 215 

laboratory experiment (see above), with crabs and sediment reallocated following the 216 

experiment. 217 

 218 

2.3 Data analysis 219 

In the laboratory experiment, differences between before and after crab 220 

bioturbation and the comparison between chimney structures and the upper layer (To) 221 

were evaluated using a Paired t test (Underwood, 1997). The field data were 222 

randomized to assure the independence of superior and inferior layers when compared 223 

with chimneys. Collection of a vertical sediment sample using a core may promote 224 

dependence of layers; thus, we analysed ten samples of each layer and treatment 225 

(control and burrows). We applied an Independent t test to relate burrow and control 226 

layers and an One-way ANOVA followed by Tukey’s post hoc to compare chimney and 227 

upper and lower layers (Underwood, 1997).  228 

Data were checked for normality (Shapiro-Wilk’s test) and homoscedasticity 229 

(Lavene’s test) and, when necessary, transformed with logit(x) ≡ log[x/(1-x)] to meet 230 

assumptions (Warton and Hui, 2011). Outliers were removed for laboratory and field 231 

data by Chauvenet’s test (Wilkinson et al., 1996). Differences were considered 232 

significant if p < 0.05 (Zar, 1999). All the analyses were performed with IBM SPSS 233 

Statistics 20 and graphics were made in ORIGIN 2015.  234 

 235 



3. Results 236 

3.1 Laboratory experiment 237 

Burrows with chimneys were checked after 72h.  Chimneys showed higher 238 

organic matter content than the upper layer (Paired t test, df = -17,88, F = 84, p = 239 

0.0001) (Figure 2).  240 

 241 

Figure 2: Mean (±SE) of organic matter content of chimney structures and top layer 242 

after 72 h. Asterisk (*) indicates statistical difference between variables (Paired t test, p 243 

= 0.0001).  244 

 245 

Vertical sediment transportation was reflected on female crab burrows, showing 246 

an increase in organic matter content in the upper layer (Paired t test, t = -2.46, df = 19, 247 

p = 0.02). However, there were no significant differences between To and T1 next to the 248 

burrows (t = - 0.641, df = 22, p = 0.52). Also, organic matter content did not differ in 249 

the control treatment (Paired t test, t = 1.72, df = 20, p > 0.09) (Figure 3). 250 



 251 

Figure 3: Mean (±SE) of organic matter content in the upper layer of sediment before 252 

and after 72 h in the three experimental groups: burrow, next to burrow and control 253 

(absence of crabs). Different letters indicate statistical difference within treatment 254 

(Paired t test, p < 0.05). Outliers were removed from this data (n = 21-24). 255 

 256 

3.2 Field experiment 257 

 All burrow layers had more organic matter content than the non-burrow layers 258 

(Independent t test: p < 0.05) with a mean difference of 3.93-fold between layers 259 

(Figure 4).  260 

  261 



  262 

Figure 4: Mean (±SE) of organic matter content of different layers [upper (0-4 cm), 263 

upper intermediate (4-8 cm), lower intermediate (8-12 cm) and lower (12-20 cm)] from 264 

non-burrow (area without visible crab burrows) and burrow profiles. Different letters 265 

indicate statistical difference within treatment (Paired t test: upper*upper, t = 4.12, df = 266 

18, p = 0.001; upper intermediate*upper intermediate, t = 3.74, df = 18, p = 0.0001; 267 

lower intermediate*lower intermediate, t = 2.53, df = 18, p = 0.02; lower*lower, t = 268 

2.86, df = 18, p = 0.01). Outliers were removed from this data (n = 18-20). 269 

Chimneys showed a mean organic matter content of 5.94±1.93%. Organic matter 270 

did not differ between chimneys of ovigerous females [carapace width (±SE): 271 

17.37±0.39] and non-burrow layers (One-way ANOVA, df = 2, F = 3.218, p = 0.055) 272 

(Figure 5a). However, there was a significant difference when compared to burrow 273 

layers (One-way ANOVA, df = 2, F = 4.165, p = 0.02). Post hoc analysis (Tukey’s test) 274 

revealed that organic matter content in chimneys was significantly lower than in the 275 



lower burrow layer (p < 0.05), which was not observed for the upper burrow layer (p > 276 

0.05) (Figure 5b).  277 

278 

 279 

Figure 5: Mean (±SE) of organic matter content of chimneys and upper and lower layer 280 

in both treatments [(a) non-burrow and (b) burrow profiles)]. Different letters indicate 281 

statistical difference between variables (One- way ANOVA, p < 0.05). 282 

 283 



4. Discussion 284 

 Construction and maintenance of both burrow and chimneys promotes vertical 285 

sediment distribution, which in turn modifies organic matter disposition in mangrove 286 

soil. Laboratory and field experiments showed complementary results regarding the 287 

bioturbation processes. Unquestionably, fiddler crabs behaved as ecosystems engineers 288 

in estuarine areas (Kristensen, 2008). In the laboratory experiment, it was evident that 289 

U. thayeri transport sediment from lower to upper layers. This physical behaviour 290 

indirectly affects biogeochemical cycles, which appears to be a key geomorphological 291 

factor in mangrove areas (Gabet et al., 2003, Kristensen and Alongi, 2006). 292 

 Our field results also showed that organic matter inside fiddler crab burrows is 293 

higher than in surrounding areas. Burrows act as surface traps, causing organic 294 

compounds (i.e. carbon sources) and sediment to be continually incorporated into 295 

deeper layers (Botto and Iribarne, 2000; Botto et al., 2006).  Estuarine detritus is 296 

passively deposited onto the burrow mainly by tide action (Hemminga et al., 1996). 297 

Fanjul et al. (2015), observing the crab Chasmagnathus granulata, concluded that 298 

trapped organic compounds are remineralized and exported to the soil surface by 299 

distinct pathways (e.g. CO2). DePrata and Levin (1989) showed that meiofauna, mostly 300 

nauplii and adult copepods, are also passively deposited onto fiddler crab burrows. 301 

Moreover, inhibition of aerobic microbial decomposition and lixiviation processes 302 

enhance organic matter content in deeper layers (Davis et al., 2006). In this context, a 303 

depth variation in organic matter content between treatments (burrow and non-burrow 304 

profile) was already expected; however, we did not find significant differences between 305 

upper and lower layers for the same treatments. Botto and Iribarne (2000) also did not 306 

find any depth variation of organic matter in U. uruguayensis beds and control areas. 307 

Despite beliefs that burrowing crabs promotes transportation of sediment materials (e.g. 308 



organic compounds, nutrients) (Botto and Iribarne, 2000, Kristensen and Alongi, 2006), 309 

the construction and maintenance of crab burrows tend to homogenize the vertical 310 

sediment distribution and organic compounds (see Fanjul et al., 2015); in this sense, the 311 

organic matter content of fiddler crabs burrows may not vary substantially according to 312 

depth (~20cm – U. thayeri) in mangrove soil.  313 

 Chimney construction is similar in all fiddler crab builders (Crane, 1975; Shih et 314 

al., 2005; Slatyer et al., 2008; Gusmão-Junior et al., 2012). Gusmão-Junior et al. (2012) 315 

provided extensive detail on this building process; U. thayeri crabs dig and deposit mud 316 

from the substrate at the edge of the burrow entrance; they also collect, drag and stack 317 

sediment from the superficial layer surrounding the burrow and modify its structure 318 

with their pereiopods and chelipeds. In our laboratory experiment, we did not observe a 319 

significant increase of organic matter content next to the burrows, which may be related 320 

to their collection of surrounding sediment and consequent dragging of excavated 321 

pellets from bottom layer to chimney shaping. Most chimney builders and other fiddler 322 

crabs that construct distinct sedimentary structures (i.e. mudball, rim and hood 323 

buildings) shape their biogenic sedimentary structures with material within the burrow 324 

(Crane, 1975; Burford et al., 2001; Shih et al., 2005). In turn, crabs carry sediment from 325 

deeper layers and into the soil surface. Thus, mangrove soil compounds (e.g. organic 326 

matter and its remineralization products) tend to be reincorporated and retained in 327 

above-ground biogenic sedimentary structures, as observed in the laboratory results. 328 

We showed that organic matter content of chimneys in a natural environment 329 

(field experiment) was inferior than the lower burrow layer. Fiddler crab burrows are 330 

continuously constructed and maintained, and occasionally abandoned (Kristensen, 331 

2008). The same applies to chimneys (Gusmão-Junior et al., 2013).  In turn, organic 332 

matter from the bottom of the burrows is constantly up-taking by physical forces (Botto 333 



et al., 2006).  It was consequently expected, without natural biotic and abiotic forces, 334 

similar organic matter content in chimney structures. Furthermore, the typical oxic thin 335 

layer of estuarine muds is inhabited by microphytobenthos, a rich source of organic 336 

matter components (Underwood and Kromkamp, 1999; Cloernet al., 2014), which are 337 

also carried with the sediment collected by fiddler crabs during construction and 338 

maintenance of above-ground biogenic sedimentary structures. However, chimneys are 339 

exposed to tide action and washed by semidiurnal tide flows (personal observation), 340 

which may drag aggregated organic compounds through the mangrove soil surface. 341 

Additionally, chimneys buildings are exposed to oxygen, which increases oxidation and 342 

may contribute to the aerobic decomposition processes. Similarly to our results, Fanjul 343 

et al. (2015) observed that mounds of the mudflat crab N. granulata promote spatial 344 

heterogeneity of organic matter in which mounds showed lower organic content (labile 345 

carbon fraction) than deep sediment layers.   346 

Several studies have worked with sedimentary mounds on the seafloor (biogenic 347 

bottom features) (see references in Murray et al., 2002).  Biogenic bottom features 348 

affect erosion, transport and sedimentation patterns and, in greater scales (> 50m), 349 

geomorphological processes (e.g. mass transfer from seabeds to other environments) 350 

(Murray et al., 2002). Despite the physical similarities in sediment transportation 351 

(bioturbation activity) between burrowing crabs and burrowing seafloor organisms, 352 

environmental factors (biotic and abiotic) differ among ecosystems and their influence 353 

on anoxic estuarine sediment may affect soil in a different manner. Interestingly, above-354 

ground biogenic sedimentary structures and their construction process are similar for 355 

other estuarine groups. The mud lobster Thalassina spp. shape complex burrows which 356 

may be associated with chimneys (Ngoc-Ho and Saint Laurent, 2009), the manicure 357 

crab Cleistostoma dilatatum builds cone-shaped towers at the entrance of their burrows 358 



(Kim et al., 2011), and the goby fish Periophthalmodon septemradiatus constructs 359 

muddy volcanic cone-like structures (Bhatt et al., 2009), for example. In this sense, 360 

sediment vertical transportation and distribution of organic matter may have similar 361 

functioning on estuarine species regardless of species. 362 

In conclusion, we demonstrated that burrows and chimneys in the fiddler crab U. 363 

thayeri influence organic matter vertical distribution of mangrove soils. Organic matter 364 

from lower layers (anoxic strata) is carried to the surface and upper layers (Kristensen, 365 

2008). In turn, organic compounds are retained in chimney buildings and then involved 366 

in soil biogeochemical and physical processes (e.g. microbial decomposition, lixiviation 367 

and/or tide action).  These results provide further support for the hypothesis that the 368 

construction and maintenance of above-ground biogenic sedimentary structures affects 369 

organic matter distribution on estuarine soils. In order to develop a full picture of above-370 

ground biogenic sedimentary structure effects on ecosystem functioning, additional 371 

studies will be needed on biological communities and organic compounds aggregated in 372 

above-ground biogenic sedimentary structures through time. Along with their 373 

ethological functioning (e.g. sexual attraction, territory landmark), these structures 374 

could play an important role in biogeochemical processes and may also create a new 375 

and unexplored ecological niche for microbial communities (Bertics and Ziebis, 2009) 376 

and meiofauna (DePrata and Levin, 1989).  377 

 378 

Acknowledgements 379 

This project was supported by the São Paulo Research Foundation (FAPESP): 380 

scientific initiation scholarships granted to JCF Pardo (No. 2011/23611-0) and financial 381 

aid granted to TM Costa (No. 2010/09763-9). We thank all members of the Laboratory 382 



of Ecology and Animal Behavior (LABECOM) for both lab and field assistance, G 383 

Stefanelli-Silva for manuscript revision, and CG Blanco for her valuable comments on 384 

this essay. All experiments were conducted in agreement with Brazilian legislation and 385 

approved by the Technical Scientific Committee, Department of Environment, Forestry 386 

Institute (Comissão Técnico-Científica, Secretaria do Meio Ambiente, Instituto 387 

Florestal), process number 260108 – 012.253/2012.  388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 



References 408 

Aller, R.C., 1994. Bioturbation and remineralization of sedimentary organic 409 
matter: effects of redox oscillation. Chemical Geology. 114, 331-345.  410 
 411 

Alongi, D.M., 1996. The dynamics of benthic nutrient pools and fluxes in 412 
tropical mangrove forests. Journal of Marine Research 54, 123–148. 413 
  414 
  Araújo Jr., J.M.C., Otero, X.L., Marques, A.G.B., Nóbrega, G.N., Silva, J.R.F., 415 
Ferreira, T.O., 2012. Selective geochemistry of iron in mangrove soils in a semiarid 416 
tropical climate: effects of the burrowing activity of the crabs Ucides cordatus and Uca 417 
maracoani. GeoMarine Letters. 32, 289–300. 418 

 419 
Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, E.W., Stier, A.C., Silliman, B. 420 

R., 2011. The value of estuarine and coastal ecosystem services. Ecological 421 
Monographs. 81(2), 169-193. 422 
  423 

Barbier, E. B., 2015. Valuing the storm protection service of estuarine and 424 
coastal ecosystems. Ecosystem Services. 11, 32-38. 425 
 426 

Bertics, V. J., Ziebis, W., 2009. Biodiversity of benthic microbial communities 427 
in bioturbated coastal sediments is controlled by geochemical microniches. The ISME 428 
journal. 3(11), 1269-1285. 429 
 430 

Bertness, M.D., 1985. Fiddler crab regulation of Spartina alterniflora production 431 
on a New England salt marsh. Ecology. 66(3), 1042-1055. 432 
 433 

Bhatt, N.Y., Patel, S.J., Patel, D.A., Patel, H.P., 2009. Burrowing activities of 434 
goby fish in the recent intertidal mud flats along the Navinal coast, Kachchh, Western 435 
India. Journal of the Geological Society of India. 74(4), 515-530. 436 
 437 

Botto, F., Iribarne, O., 2000. Contrasting effects of two burrowing crabs 438 

(Chasmagnathus granulata and Uca uruguayensis) on sediment composition and 439 
transport in estuarine environments. Estuarine, Coastal and Shelf Science. 51, 141-151.  440 

 441 
Botto, F., Iribarne, O.O., Gutiérrez, J.L., Bava, J., Gagliardini, D. A., Valiela, I., 442 

2006. Ecological importance of passive deposition of organic matter into burrows of the 443 
SW Atlantic crab Chasmagnathus granulatus. Marine Ecology Progress Series. 312, 444 
201-210. 445 
  446 

Burford, F.R., McGregor, P.K., Oliveira, R.F., 2001. Mudballing revisited: 447 

further investigations into the construction behaviour of male Uca tangeri. Behaviour. 448 
138(2), 221-234. 449 

 450 
Caffrey, J.M., 2004. Factors controlling net ecosystem metabolism in U.S. 451 

estuaries. Estuaries, 27, 90–101. 452 

 453 

Christy, J. H., 1988. Pillar function in the fiddler crab Uca beebei (II): 454 
competitive courtship signaling. Ethology. 78(2), 113-128. 455 

 456 



Cloern, J. E., Foster, S. Q., Kleckner, A. E., 2014. Phytoplankton primary 457 
production in the world's estuarine-coastal ecosystems. Biogeosciences. 11(9), 2477-458 
2501. 459 
 460 

Colpo, K.D., Chacur, M.M., Guimaraes, F.J., Negreiros-Fransozo, M.L., 2011. 461 
Subtropical Brazilian mangroves as a refuge of crab (Decapoda: Brachyura) diversity. 462 
Biodiversity and Conservation. 20(13), 3239-3250. 463 
 464 

Costa, T.M., Negreiros-Fransozo, M.L., 2003. Population biology of Uca thayeri 465 
Rathbun,1900 (Brachyura,Ocypodidae) in a subtropical south american mangrove área: 466 
results from transect and catch-per-unit-effort techniques. Crustaceana. 75(10), 1201-467 
1218. 468 

 469 
Crane, J., 1975. Fiddler crabs of the world. Ocypodidae: Genus Uca. 470 

Princetown University Press, Princetown, New Jersey. 471 
 472 

Dahdouh-Guebas, F., Jayatissa, L.P., Di Nitto, D., Bosire, J.O., Lo Seen, D., 473 
Koedam, N., 2005. How effective were mangroves as a defence against the recent 474 
tsunami? Current Biology. 15, 443–447. 475 
  476 

Davis, S.E., Childers, D.L., Noe, G.B., 2006. The contribution of leaching to the 477 
rapid release of nutrients and carbon in the early decay of wetland vegetation. 478 
Hydrobiology. 569, 87-97. 479 

 480 

Day, J.W., Crump, B.C., Kemp, W.M., Yánez-Arancibia, A., 2013. Estuarine 481 
Ecology. Second Ed. Wiley-Blackwell, John Wiley & Sons Inc., Publication, Hoboken 482 
NJ. 483 
   484 

DePatra, K.D., Levin, L.A., 1989. Evidence of the passive deposition of 485 
meiofauna into fiddler crab burrows. Journal of Experimental Marine Biology and 486 
Ecology. 125(3), 173-192. 487 
 488 

Dinh, Q.M., Qin, J.G., Dittmann, S., Tran, D.D. 2014. Burrow morphology and 489 
utilization of the goby (Parapocryptes serperaster) in the Mekong Delta, Vietnam. 490 

Ichthyological Research. 61(4), 332-340. 491 
 492 

Dittmar, T., Lara, R. J., 2001. Driving forces behind nutrient and organic matter 493 
dynamics in a mangrove tidal creek in North Brazil. Estuarine, Coastal and Shelf 494 
Science. 52(2), 249-259. 495 
  496 

Eichler, P.P.B., Eichler, B.B., David, C.J., de Miranda, L.B., Sousa, E.C.P.M., 497 

2006. The Estuary Ecosystem of Bertioga, São Paulo, Brazil. Journal of Coastal 498 
Research. 1110-1113. 499 
 500 

Fanjul, E., Bazterrica, M.C., Escapa, M., Grela, M.A., Iribarne, O., 2011. Impact 501 
of crab bioturbation on benthic flux and nitrogen dynamics of Southwest Atlantic 502 

intertidal marshes and mudflats. Estuarine, Coastal and Shelf Science. 92, 629-638. 503 

 504 



  Fanjul, E., Escapa, M., Montemayor, D., Addino, M., Alvarez, M.F., Grela, 505 
M.A., Iribarne, O., 2015. Effect of crab bioturbation on organic matter processing in 506 
South West Atlantic intertidal sediments. Journal of Sea Research. 95, 206-216.  507 
 508 

François, F., Gerino, M., Stora, G., Durbec, J. P., Poggiale, J.C., 2002. 509 
Functional approach to sediment reworking by gallery-forming macrobenthic 510 
organisms: modeling and application with the polychaete Nereis diversicolor. Marine 511 
Ecology Progress Series. 229, 127-136. 512 
 513 

Frey, R.W., 1973. Concepts in the study of biogenic sedimentary structures. 514 
Journal of Sedimentary Research. 43(1). 515 
 516 

Gabet, E.J., Reichman, O.J., Seabloom, E.W., 2003. The effects of bioturbation 517 
on soil processes and sediment transport. Annual Review of Earth and Planet Sciences. 518 
31, 249-73. 519 
 520 

Gusmão junior, J.B.L., Machado, G.B.O., Costa, T.M., 2012. Burrows with 521 
chimneys of fiddler crab Uca thayeri: construction, occurrence and function. Zoological 522 
Studies. 51(5): 598-605. 523 
 524 

Heiri, O., Lotter, A. F., Lemcke, G., 2001. Loss on ignition as a method for 525 
estimating organic and carbonate content in sediments: reproducibility and 526 
comparability of results. Journal of Paleolimnology. 25(1), 101-110. 527 
 528 

Hemminga, M.A., Cattrijsse, A., Wielemaker, A., 1996. Bedload and nearbed 529 
detritus transport in a tidal saltmarsh creek. Estuarine, Coastal and Shelf Science. 42, 530 
55–62. 531 
  532 

Hogarth, P. J., 2015. The biology of mangroves and seagrasses. Oxford 533 
University Press. 534 
  535 

Howard, J.D., Mayou, T.V., Heard, R.W., 1977. Biogenic sedimentary structures 536 

formed by rays. Journal of Sedimentary Research, 47(1). 537 
 538 

Huijbers, C. M., Nagelkerken, I., Layman, C. A. 2015. Fish movement from 539 
nursery bays to coral reefs: a matter of size?. Hydrobiologia, 750(1), 89-101. 540 

 541 
Jennerjahn, T.C., Ittekkot V., 2002. Relevance of mangroves for the production 542 

and deposition of organic matter along tropical continental margins. 543 
Naturwissenschften. 89, 23-30. 544 
 545 

Jones, C.G., Lawton, J.H., Shachak, M. 1994. Organisms as ecosystem 546 
engineers. Oikos. 69: 373-386. 547 
  548 

Kim, T.W., Ryu, H.J., Choi, J.B., Choe, J.C., 2011. Tower construction by the 549 
manicure crab Cleistostoma dilatatum during dry periods on an intertidal mudflat. 550 

Journal of Ethology. 29(3), 459-465. 551 

 552 



Koo, B.J., Kwon, K.K., Hyun, J.H., 2007. Effect of environmental conditions on 553 
variation in the sediment-water interface created by complex macrofaunal burrows on a 554 
tidal flat. Journal of Sea Research. 58(4), 302-312. 555 
 556 

Krantzberg, G., 1985. The influence of bioturbation on physical, chemical and 557 
biological parameters in aquatic environments: a review. Environmental Pollution 39, 558 
99-122. 559 
 560 

Kristensen, E., 2001. Impact of polychaetes (Nereis spp. and Arenicola marina) 561 
on carbon biogeochemistry in coastal marine sediments. Geochemical Transactions. 2, 562 
92-103. 563 

  564 

Kristensen, E., Alongi, D.M., 2006. Control by fiddler crabs (Uca vocans) and 565 

plant roots (Avicennia marina) on carbon, iron, and sulfur biogeochemistry in mangrove 566 

sediment. Limnology and Oceanography. 51, 1557-1571. 567 

Kristensen, E., 2008. Mangrove crabs as ecosystem engineers; with emphasis on 568 
sediment processes. Journal of Sea Research. 59, 30-43. 569 
 570 

Kristensen, E., Penha-Lopes, G., Delefosse, M., Valdemarsen, T., Quintana, C., 571 
Banta, G., 2012. What is bioturbation? The need for a precise definition for fauna in 572 
aquatic sciences. Marine Ecology Progress Series. 446, 285–302. 573 

 574 

 McLusky, D. S., Elliott, M., 2004. The estuarine ecosystem: ecology, threats 575 
and management. Oxford University Press, Oxford. 576 
 577 

Meysman, F.J., Middelburg, J.J., Heip, C.H., 2006. Bioturbation: a fresh look at 578 
Darwin's last idea. Trends in Ecology & Evolution. 21, 688-695.  579 
 580 

Murray, J. M., Meadows, A., Meadows, P. S., 2002. Biogeomorphological 581 
implications of microscale interactions between sediment geotechnics and marine 582 

benthos: a review. Geomorphology. 47(1), 15-30. 583 
 584 

Nagelkerken, I., Van der Velde, G., Gorissen, M.W., Meijer, G.J., Van't Hof, T., 585 

Den Hartog, C., 2000. Importance of mangroves, seagrass beds and the shallow coral 586 

reef as a nursery for important coral reef fishes, using a visual census technique. 587 
Estuarine, coastal and shelf science. 51(1), 31-44. 588 
  589 

Nagelkerken, I., Blaber, S.J.M., Bouillon, S., Green, P., Haywood, M., Kirton,  590 
L.G., Meynecke, J.-O., Pawlik, J., Penrose, H.M., Sasekumar, A., Somer- field, P.J., 591 
2008. The habitat function of mangroves for terrestrial and marine fauna: A review. 592 

Aquatic Botany. 89, 155–185. 593 
 594 

Negreiros-Fransozo, M.L., Colpo, K.D., Costa, T.M., 2003. Allometric growth 595 
in the fiddler crab Uca thayeri (Brachyura, Ocypodidae) from a subtropical mangrove. 596 
Journal of Crustacean Biology. 23(2), 273-279. 597 

 598 



Ngoc-Ho, N., de Saint Laurent, M., 2009. The genus Thalassina Latreille, 1806 599 
(Crustacea: Thalassinidea: Thalassinidae). Raffles Bulletin of Zoology, Supplement, 20, 600 
121-158. 601 
 602 

Pülmanns, N., Diele, K., Mehlig, U., Nordhaus, I., 2014. Burrows of the semi-603 
terrestrial crab Ucides cordatus enhance CO2 release in a North Brazilian mangrove 604 
forest. Plos One. 9, 1-13. 605 
  606 

Quintana, C.O., Shimabukuro, M., Pereira, C.O., Alves, B.G.R., Moraes, P.C., 607 
Valdemarsen, T., Kristensen, E., Sumida, P.Y.G., 2015. Carbon mineralization 608 
pathways and bioturbation in coastal Brazilian sediments. Scientific Reports. 5, 16122. 609 
 610 

Robertson, A.I., Duke, N.C., 1987. Mangroves as nursery sites: comparisons of 611 
the abundance and species composition of fish and crustaceans in mangroves and other 612 
nearshore habitats in tropical Australia. Marine Biology. 96, 193–205. 613 
  614 

Rosenberg, R., Grémare, A., Ducheme, J.C., Davey, E., Frank, M., 2008. 3D 615 
visualization and quantification of marine benthic biogenic structures and particle 616 
transport utilizing computer-aided tomography. Marine Ecology Progress Series. 363, 617 
171–182. 618 
 619 

Salmon, M., 1987. On the reproductive behavior of the fiddler crab Uca thayeri, 620 
with comparisons to U. pugilator and U. vocans: evidence for behavioral convergence. 621 
Journal of Crustacean Biology. 25-44. 622 

 623 
Shepard, F. P., 1954. Nomenclature based on sand-silt-clay ratios. Journal of 624 

Sedimentary Research, 24(3). 625 
 626 

Shih, H.T., Mok, H.K., Chang, H.W., 2005. Chimney building by male Uca 627 
formosensis Rathbun, 1921 (Crustacea: Decapoda: Ocypodidae) after pairing: a new 628 
hypothesis for chimney function. Zoological Studies. 44(2), 242. 629 
 630 

Slatyer, R.A., Fok, E.S.Y., Hocking, R., Backwell, P.R.Y., 2008. Why do fiddler 631 
crabs build chimneys? Biology Letters. 4, 616-618. 632 

 633 
Smith, T.J., Boto, K.G., Frusher, S.D., Giddins, R.L., 1991. Keystone species 634 

and mangrove forest dynamics: the influence of burrowing by crabs on soil nutrient 635 
status and forest productivity. Estuarine, Coastal and Shelf Science. 33, 419-432. 636 
 637 

Thurman, C.L., Faria, S.C., McNamara, J.C., 2013. The distribution of fiddler 638 
crabs (Uca) along the coast of Brazil: implications for biogeography of the western 639 

Atlantic Ocean. Marine Biodiversity Records. 6, e1. 640 
 641 

Trépanier T.L., Dunham D.W. 1999. Burrowing and chimney building by 642 
juvenile burrowing crayfish Fallicambarus fodiens (Cottle, 1863) (Decapoda, 643 
Cambaridae). Crustaceana. 72(4), 435-443. 644 

  645 

Underwood, A.J., 1997. Experiments in Ecology: Their Logical Design and 646 
Interpretation using Analysis of Variance. Cambridge University Press, Cambridge 647 
  648 



Underwood, G. J. C., Kromkamp, J. C., 1999. Primary production by 649 
phytoplankton and microphytobenthos in estuaries. Advances in Ecological Research. 650 
29, 93-153. 651 
 652 

Wang, J.Q., Zhang, X.D., Jiang, L.F., Bertness, M.D., Fang, C.M., Chen, J.K., 653 
Hara, T., Li, B., 2010. Bioturbation of burrowing crabs promotes sediment turnover and 654 
carbon and nitrogen movements in as estuarine salt marsh. Ecosystems. 13, 586-599. 655 
 656 

Wang, J. Q., Bertness, M. D., Li, B., Chen, J. K., Lü, W. G., 2015. Plant effects 657 
on burrowing crab morphology in a Chinese salt marsh: Native vs. exotic plants. 658 
Ecological Engineering. 74, 376-384. 659 

 660 

Warton, D.I., Hui, F.K., 2011. The arcsine is asinine: the analysis of proportions 661 
in ecology. Ecology. 92(1): 3-10. 662 
 663 

Widdicombe, S., Austen, M.C., Kendall, M.A., Warwick, R.M., Jones, M.B., 664 
2000. Bioturbation as a mechanism for setting and maintaining levels of diversity in 665 
subtidal macrobenthic communities. Hydrobiologia. 440(1-3), 369-377. 666 
 667 

Wilkinson, L., Blank, G., Gruber, C., 1996. Desktop Data Analysis SYSTAT. 668 
Prentice Hall PTR. 669 
 670 

Wolfrath, B., 1992. Burrowing of the fiddler crab Uca tangeri in the Rio 671 
Formosa in Portugal and its influence on sediment structure. Marine Ecology Progress 672 

Series. 85, 237-243. 673 
 674 

Zar, J.H., 1999. Biostatistical Analysis, 4th ed. Prentice-Hall/Pearson, 675 
Englewood Cliff. 676 

  677 
 Zucker, N., 1981. The role of hood-building in defining territories and limiting 678 

combat in fiddler crabs. Animal Behaviour. 29(2), 387-395. 679 

  680 

 681 
 682 
 683 
 684 

 685 
 686 
 687 

 688 
 689 
 690 
 691 
 692 

 693 
 694 
 695 

 696 
 697 
 698 



 699 
 700 
 701 



702 



 703 
 704 
 705 
 706 
 707 



708 



709 



710 



711 



712 



713 



714 



715 



716 



717 



 718 
 719 
 720 
 721 
 722 

 723 

 724 

 725 



 726 


