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Burrowing crabs are widely distributed and have large populations in estuarine
wetlands. Crab excavation can have potentially significant bioturbation effects
on the vertical structure of sediments, and the processes of nutrients
deposition and mineralization. However, the effects of crab micro activities
on the geochemical cycling processes of the whole estuarine ecosystems are
not clear, specifically the contributions of burrowing crabs to sediment and
nutrients turnover in coastal ecosystems. Due to the lack of knowledge on crab
burrowing behavior and borrow morphology, it is difficult to accurately
estimate the excavation and turnover volumes of crabs. Therefore, this study
examined the bioturbation activity of the crab Helice tientsinensis in western
Pacific estuary ecosystems by analyzing their burrow morphology and local
sediment properties. The common burrow shapes of Helice tientsinensis were
J- and Y-shaped burrows. Burrow morphological characteristics such as total
burrow depth, curve burrow length, burrow volume, and opening diameter
significantly differed among tidal zones. Crab carapace size, water depth, soil
hardness, and bulk density were the main factors driving burrow morphology.
Sediment excavation by crabs was ~50 times greater than the deposition of
sediment into crab burrows. The net transported amounts of sediment (31.66—
3318 g-d>m™) and nutrients (total nitrogen: 0.075-0.090 g-d"*m™, total
carbon: 3.96-4.55 g-d"-m™2, and organic matter: 0.44-0.77 g-d">m™) were
mainly from the belowground sediment to the surface. These results
highlighted the important role of crabs in sediment and nutrients cycling
within coastal estuary ecosystems.
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Introduction

Burrowing crabs can act as ecosystem engineers, herbivores,
and prey, playing important roles in coastal estuarine ecosystems
(Alberti et al., 2008; He et al., 2017). Crabs feed on various food
resources including microphytobenthos, plant, leaf litter, organic
debris, and fungi, directly affecting the deposition and
mineralization of soil organic matter (OM) and nutrients
(Pennings et al., 1998; Zhang et al., 2013; He et al., 2015; Chen
et al,, 2016; Ouyang et al,, 2021). Digging is the most basic crab
behavior. Crabs support nutrient cycling, promote sediment-
water exchange, and affect sediment properties through their
burrowing activities (Koo et al., 2007; Xin et al., 2009; Fanjul
etal, 2015; Vu et al,, 2017). They can redistribute sediments by
depositing soils from the bottom of burrows and by building
mounds, which in turn promotes CO, emission due to increase
area of the sediment-air interface (Penha-Lopes et al., 2010;
Ouyang et al,, 2017). In this process, they turn-over the sediment
from belowground to the surface, thereafter the sediments are
eroded by tides contributing to carbon and nitrogen cycling
(Wang et al, 2010). Nutrient redistribution occurs alongside
sediment redistribution. Due to the large populations and wide
spatial distribution of crabs in estuarine wetlands, the regulation
of crab burrowing activities on nutrient cycling processes in
estuarine wetlands cannot be ignored (Martinetto et al., 2011).
However, the contributions of burrowing crabs to sediment and
nutrient turnover in coastal ecosystems are unclear. This has
created a gap in the understanding of the links between the
micro behavior of small animals and the macroscopic ecological
processes of ecosystems (Ren et al., 2022).

Knowledge of crab digging behavior and their burrow
morphology is key to accurately calculating crab excavation
volume (Bang and Lee, 2019). The daily excavation volume of
crabs and burrow morphological parameters, such as maximum
length and crab burrow volume, are vital for estimating their
ability to turnover sediments. The burrow structures of different
crab species vary greatly, even between those built by the same
crab species but in different locations in estuarine wetlands.
Previous studies have shown that many crab species have
burrowing ability (Botto and Iribarne, 1999; Canepuccia et al.,
2008; Alberti et al., 2015; de Oliveira et al., 2016). Burrows are
essential for intertidal mud crabs for a number of reasons;
enabling the avoidance of stressful conditions and protection
from temperature extremes (Saher and Qureshi, 2011);
protection from aerial and terrestrial predation (Wang et al.,
2014); and provision of a molting and mating space (Christy,
1987; McLain et al., 2003). To date, a variety of burrow shapes
have been reported, including J-, U-, V-, and Y-shaped burrows
(Lim, 2003; Lim et al., 2011; Saher and Qureshi, 2011; Sen and
Homechaudhuri, 2018). With the development of methods for
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detecting the underground structure of crab burrows, more
accurate burrow morphology data can be used to estimate crab
excavation and bioturbation.

Several crab burrow morphologies have been studied for the
species of Uca annulipes (Lim, 2003; Saher and Qureshi, 2011),
Sesarma dehaani (Wang et al., 2015), Uca rosea (Sen and
Homechaudhuri, 2018), Uca chlorophthalmus, Uca sindensis
(Saher and Qureshi, 2011), Uca uruguayensis, Uca leptodactylus
(Machado et al, 2013), Uca arcuata (Wang et al., 2015), Uca
triangularis (Sen and Homechaudhuri, 2018), and Uca vocans
(Lim, 2006). These were revealed using the melted paraffin method
(Machado et al., 2013), plaster of Paris (Saher and Qureshi, 2011),
fast bonding foam (Ribeiro et al., 2005), and unsaturated polyester
resin (Stieglitz et al., 2000; Thongtham and Kristensen, 2003;
Katrak et al., 2008), among others. Burrow morphology has
commonly been described using burrow diameter, total burrow
depth (TBD), total curve burrow length (CBL), and total burrow
volume (BV) (Lim, 2003; Saher and Qureshi, 2011; Machado et al.,
2013). Previous studies have shown that salinity (Bianchini et al,,
2008), soil water content (Reinsel and Rittschof, 1995; Leoville
et al,, 2021), temperature, and sediment properties (Spivak et al,,
1994) affected crab burrow distribution. Elucidating the
controlling environmental factors of crab burrow morphology is
important for large-scale estimation of crab excavation, and is
beneficial for assessing the impact of future environmental changes
on crab bioturbation in estuarine wetlands. However, the main
factors driving burrow morphology remain unknown.

Helice tientsinensis, a semi-terrestrial burrowing crab,
prefers habitats that are soft, wet, and rich in food resources
(He et al., 2015). It is known for its burrowing and herbivorous
activities (He et al., 2017). In addition, H. tientsinensis shows a
characteristic burrow building behavior, particularly chimney
building in the vicinity of the burrow opening, known as a
burrow mound. Crabs can directly excavate sediments, and their
burrows can also trap sediments (Qiu et al.,, 2019). Whether
burrows with and without mounds have different sediment
trapping effects remains unclear, consequently, net sediment
transported rates in the ecosystem are not known.

Helice tientsinensis is a common burrowing crab species and
the dominant crab species in the salt marshes of the Yellow River
Delta, China. However, little is known about its burrow
morphology characteristics and what drives its burrow
morphology. In addition, its contributions to the sediment
turnover rate for maintaining ecosystem sustainability are
unknown. Therefore, this study aimed to: 1) determine the
prevalent shape of H. tientsinensis burrows across different salt
marsh zones, 2) identify the main factors driving burrow
morphology, and 3) estimate the contributions of its
burrowing activities to sediment turnover rate across salt
marsh zones in coastal ecosystems.

frontiersin.org


https://doi.org/10.3389/fmars.2022.1019176
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Xie et al.

Materials and methods
Study area

Fieldwork was conducted in salt marshes (119°09’ E; 37°46°
N) of the Yellow River Delta, China. The local climate is warm
temperate with irregularly semidiurnal tides (Li et al., 2016a).
The lowest average tide, mean high water neap, mean high water
spring tide, and highest average tide are -0.74, -0.07, 0.34, and
0.63 m, respectively. The subtidal, low tidal, mid tidal, high tidal,
and supratidal zones are divided by these four tidal range lines
(Xie et al., 2019).

The Yellow River Delta salt marshes are mainly dominated by
Suaeda salsa, with interspersed zones of Salicornia europaea and
Tamarix chinensis (Li et al., 2016b). The dominant crab species is
H. tientsinensis (Grapsidae), which inhabits almost the entire
intertidal salt marshes of the Yellow River Delta (He et al.,
2012). To understand the crab burrow morphology across
different salt marshes, six study sites were established in
different zones of a salt marsh (Figure 1). Two sites were
located in the mid intertidal zone (Site 1: 0.10 m, Site 4:
0.22 m), two were established in the high intertidal zone (Site 2:
0.52 m, Site 5: 0.58 m), and the other two were located in the
supratidal zone (Site 3: 0.78 m, Site 6: 1.44 m). Site 1 and Site 4

Yellow River Delta

Natural Nature Reserve

FIGURE 1
Map of the six study sites in the Yellow River Delta.
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were set up on a bare salt flat lacking vegetation, but adjacent to a
Spartina alterniflora community. Site 2 and Site 5 were established
in a short S. salsa community. Site 3 and Site 6 were located in a
tall S. salsa community with neighboring T. chinensis.

Crab density and size

Crab burrows, rather than crab number, have often been
used to estimate their populations (Schlacher et al., 2016;
Stelling-Wood et al., 2016). Adult H. tientsinensis live alone in
a concentrated burrow; therefore, it’s reasonable to use their
burrows to estimate their population (Xie et al, 2020). To
determine the relationship between crab size and burrow
diameter, 84 crab burrows were randomly marked across the
whole intertidal salt marsh. These crabs were caught when they
emerged through their burrow, and their carapace length and
width were then measured. Their corresponding burrow
diameter was also measured using a pair of digital Vernier
calipers, and then the crabs were released. To determine the
crab density among the six study sites across different salt marsh
zones, six sampling plots (1 m x 1 m) were established at each
site. The number of crab burrows (diameter > 10 mm) was
counted instead of crab number when determining crab density.

ﬁ Legend
~= Current river
Anoient river

® Study site

Bohai Sea

Yellow River Delta
Natural Nature Reserve
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Crab burrow morphology

Helice tientsinensis digs underground sediment to close its
burrow at flood tide and opens it at ebb tide, resulting in the
formation of a mound at the entrance of their burrow (Xie et al.,
2020). Its burrows drain well and are always empty. The crab
burrow can be divided into two parts: the aboveground mound
and the underground cave. To understand the crab burrow
aboveground morphology, the diameter, height, length, and
width of crab mounds were measured at each site. To
document the crab burrow belowground morphology, fast
bonding foam was injected into open burrows (Ribeiro et al,
2005), the crab burrow belowground structures were then dug
out 12 hours later. In total, 24 crab burrow belowground
structures were obtained, four for each site. To compare the
differences in burrow morphology, the burrow morphology
nomenclature of H. tientsinensis (Figure 2) was analyzed
according to previous studies (Lim, 2003; Heng and Lim, 2007).

Water depth and sediment properties

When the crab burrow belowground morphology was dug
out, it revealed that the crab burrows ended at the groundwater
level in all marsh zones. Thus, four groundwater levels were
measured at each site. To identify the differences in sediment
properties at each site, sediment cores from the ground surface
to groundwater level were examined at 10-cm intervals, with
three replicates at each site. The profile distributions of pH, bulk
density, sediment temperature, water content, sediment
hardness, OM, total nitrogen (TN), total carbon (TC), and

FIGURE 2

10.3389/fmars.2022.1019176

salinity at each soil depth of the six studied sites were
determined. The sediment water content and bulk density
were determined by weighing soil cores before and after oven-
drying at 60°C for 3 days (He et al., 2012). Salinity and pH were
measured by mixing one volume of dry soil and five volumes of
deionized water, and after 3 hours of standstill, the salinity and
pH of the supernatant were recorded (Pennings et al., 2003).
Sediment hardness was measured using a soil penetrometer.
Sediment temperature was recorded using an ordinary
rectangular geothermometer. TN and TC were assessed using
a continuous-flow analysis instrument (AA3, Europe). Sediment
OM content was measured using the method of Walkley and
Black (Bai et al., 2012).

Crab excavation amount

To estimate the total amount of sediment and nutrients
excavated by the crabs at each site, the following formulae were
used:

n
SR =>BV; x BD; x D;
i=1

n
NR = S'BV; x BD; x D; x NC;
i=1

The sediment was divided into # layers. In the i layer, SR; is

the sediment excavation (g/m?), D; is the crab burrow density
(ind./m?), BV; is the burrow volume (cm®), BD; is the soil bulk
density (g/cm3), NR; is the nutrient excavation amount (g/mz),
and NC; is the nutrient content (%).

Burrow morphology nomenclature of H. tientsinensis. TBD, total burrow depth; BOD, burrow opening diameter; ¢, ground angle; CBL, curve
burrow length; HL, horizontal length; 8, mid angle; BND, burrow neck diameter; MCDE, middle chamber depth; BCDE, bottom chamber depth;
BSLL, burrow’s straight-line length; BCD, bottom chamber diameter; NBO, number of burrow openings; NB, number of branches.
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Sediment deposition amount and
turnover rate

To determine the crab excavation rate, 24 crab burrows, four
burrows at each site, were randomly selected and marked. For
each burrow, all of the burrow mounds were removed on the
first day, then the crab excavation sediment was collected on
each day of the following 7 days. Sediment was dried at 60°C for
3 days and then weighed.

To estimate the amount of sediment deposited in crab
burrows, six pairs of 3-cm diameter PVC pipes with and
without crab burrow mounds were set at each salt marsh zone
(Figure 3). The 3 cm diameter was based on the average burrow
diameter measured. Two treatments were established because
crab burrows with mounds may obstruct sediment deposited
into burrows, while the crab burrows without mounds may trap

10.3389/fmars.2022.1019176

more sediment. The crab burrow mimic was established on the
first day, as above. Seven days later, the deposited sediment was
collected, dried and weighed, and the daily sediment deposited
amount was calculated. The TN, TC, and OM content of the
sediment was determined. The net turnover rate is calculated as
the difference between the crab excavation rate and sediment
deposited rate.

Statistical analyses

The data normality of the crab burrow density, crab burrow
morphology, water depth, crab excavation amount, and
sediment deposition amount data were assessed by the
Kolmogorov-Smirnov test (oo = 0.05). Data sets were natural-
log transformed when necessary to meet assumptions of

FIGURE 3

Crab burrow mimic with and without burrow mounds. A 3-cm diameter and 20-cm long PVC pipe was used to simulate crab burrow trapping

sediments. The bottoms of the PVC pipes were closed by gauze.
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normality and homogeneity of variance. Crab burrow density,
crab burrow morphology, water depth crab excavation amount,
and sediment deposition amount were compared among the six
studied sites using one-way analysis of variance (ANOVA) with
Tukey post hoc multiple tests. The relationship between crab size
and burrow diameter was analyzed by liner regression. These
analyses were carried out using SPSS v.22 (IBM Corp., Chicago,
IL, USA). A principal component analysis (PCA) was used to
correlate sediment properties with crab burrow morphology
using Canoco v.5.0 software (Microcomputer Power, New
York, USA).

Results

Crab burrow density and water depth
along the elevation gradient

Crab burrow density varied significantly (F = 6.043, P<
0.001) among the different salt marsh zones (Figure 4). Crab
burrow density was ~1.7 times higher in the supratidal marsh
zone than in the high marsh zone, and crab burrow density was
~1.3 times higher in the middle marsh zone than in the high
marsh zone. Water depth varied differently along the elevation
gradient (F = 191.138, P< 0.001). The underground water level
increased from low to high marsh zones (Figure 4).

Sediment properties

Soil pH, bulk density, soil temperature, water content, soil
hardness, TN, TC, salinity, and OM varied at different soil
depths among the six study sites (Figure 5). There were no
obvious tendencies for variations in soil pH and bulk density
with depth. The temperature of the soil surface was usually
higher than that of the underground soil; the soil temperature
decreased primarily and then increased with increasing depth.
Water content increased with increasing depth. Soil was softer in
deeper soil. TN, OM, and TC were lower in deeper soil.

Crab burrow morphology

Crab burrow aboveground mound morphology differed
among the six study sites (Figure 6). The mound opening
diameter was larger in the supratidal marsh (F = 3.280, P<
0.05), but the height (F = 3.477, P< 0.05), length (F = 4.919, P<
0.01) and width (F = 6.610, P< 0.001) of mounds in the high
marsh were the largest. Regarding the underground morphology
of crab burrows, the common burrow shapes of H. tientsinensis
were J- and Y-shaped. Among all analyzed H. tientsinensis
burrow morphology nomenclature, TBD, CBL, bottom
chamber depth (BCDE), burrow straight line length (BSLL),
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BV, and per opening volume (POV) were significantly different
among the six study sites (Tables 1A, B).

Main drivers of burrow morphology

Mound diameter was directly dependent on crab size; larger
crabs (large carapace length and width) produced a larger
burrow mound diameter (Figure 7). PCA was performed on
burrow morphology datasets (black arrow in Figure 8), and the
sediment properties involved buck density, salinity, water
content, hardness, and water depth (red arrow in Figure 8).
The eigenvalues of the first two PCA axes were 0.310 and 0.209,
while axes 1 and 2 explained 51.97% of the data. For estimating
crab excavation, the TBD, BV, and CBL were the key indicators
(purple arrow in Figure 8). Water depth was strongly and
positively correlated with TBD, CBL, BV and BSLL. Soil
hardness was strongly and negatively correlated with TBD and
CBL. Soil bulk density was strongly and negatively correlated
with TBD.

Sediment excavation and turnover rate

Sediment and nutrient excavations were estimating from BV
and stratified morphological characteristics. The amounts of
sediment TN, TC, and OM in excavated soil differed among
the three salt marsh zones (Figure 9). The TN and TC of
excavated sediment were the highest in the supratidal marsh
(sediment: F=7.178, P< 0.001; TN: F = 11.060, P< 0.001; TC: F =
7.852, P< 0.001). The OM excavated in the middle marsh was
higher than in the other two marsh zones (F = 21.161, P< 0.01).

There was no significant difference in the daily excavated
sediment rate among the three salt marsh zones. In middle and
high marsh zones, the amount of sediment deposited into the
PVC pipes did not differ between the burrow mimics with and
without crab burrow mounds. However, in the supratidal marsh
zone, the amount of sediment deposited into the PVC pipes was
greater in mimic burrows with a burrow mound than in mimic
burrows without a burrow mound (F = 11.92, P< 0.01). In all
three salt marsh zones, daily crab excavated sediment amounts
(~32.59 g-d""-m™®) were considerably larger than daily deposited
sediment amounts (~0.57 g-d”"-m™ PVC pipe with crab burrow
or 0.34 g~d'1-m'2 PVC pipe without crab burrow). TN, TC, and
OM showed similar trends. Thus, sediment and nutrient net
transported amounts were mainly from the belowground soil to
the soil surface (Figure 10).

Discussion

Semi-terrestrial crabs affect the distribution, quality, and
composition of sediment through their burrowing activities

frontiersin.org
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FIGURE 4
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Morphological characteristics: (A) diameter, (B) height, (C) length, and (D) width of crab burrow aboveground mounds at each site. Data are
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(Qiu et al,, 2019; Ren et al,, 2022), consequently affecting the
structure and dynamics of other biotic communities. Physical,
chemical, and biological processes disturbed by animals are
known as the “bioturbation” (Xie et al., 2020). Burrowing
crabs are considered key ecosystem engineers in coastal
ecosystems. Crab bioturbation activity in coastal ecosystems
can be examined through the analysis of burrow morphology
and local sediment properties.

Relationship between crab size and
burrow diameter

Several previous studies have shown that crab burrow
diameter was positively correlated with crab carapace size
(Lourenco et al., 2008; de Oliveira et al., 2016), consistent with
the present findings. Different crab species have different
coefficients of crab burrow diameter and crab carapace width
(Saher and Qureshi, 2011; Sen and Homechaudhuri, 2018),
which indicates species-specific characteristics. Burrowing
crabs create a larger burrow diameter than their carapace
width, allowing them to move in and out of the burrow
comfortably, and providing them a fast escape route when
under threat.
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Burrow morphology characteristics and
their main drivers

Burrow morphology characteristics not only indicate crab
species-specific behavior and preferences, but also indicate local
environmental conditions. Burrows have numerous functions
and are essential throughout the entire crab life cycle. Crabs start
digging burrows from a very young age (Saher and Qureshi,
2011). Burrows can protect them from excessive wave action and
enable them to avoid extreme temperatures, as well as provide a
refuge against predators during rest and egg incubation (Sen and
Homechaudhuri, 2018). The present results showed that
burrows of H. tientsinensis in all six study sites were simple,
commonly with one or two branches, and ending in a single
large bottom chamber. Crab burrows always reach the water
table to maintain inside moisture during the whole tidal cycle
(Iribarne et al., 1997).

Burrow morphology complexity also has important functions.
For example, all burrows have a large bottom chamber, which
provides a resting room for their entire life and a safe place for
mating. Each burrow usually has a ground angle at the burrow
entrance, the burrow neck diameter is usually smaller than the
burrow opening diameter, and at ~15 cm depth there is a middle
chamber, all of which provide a means of a fast escape from threats.
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TABLE 1A. Burrow morphology nomenclature of Helice tientsinensis at each site. Table 1B. Burrow morphology nomenclature of Helice
tientsinensis at each site.

TBD BOD o BCD MCD CBL HL B BND
Site 1 ~ Range 48.00-49.00 33.47-52.45 Jul-33 42.75-91.04 38.41-58.49 46-81.5 12-47.5 27-66 29.15-37.68
Mean+ SE 4875 £ 0.25a  43.88 + 4.33 19.75+£534 6871 £10.01 4845 + 4.58 61.13 + 7.4la 2713 £7.41 48.75 +8.56  34.13 £2.03
Site 2 Range 57.00-59.00 36.94-51.51 Aug-68 44.79-94.96 39.55-59.16 62-84 Nov-53 25-77 33.85-36.60
Meant+ SE 58.00 + 0.41b 4333 +3.16  39.25+ 12.87 6444 +12.04 4924 £ 4.05 73.00 £ 4.93ab 3575 +9.23  44.50 + 12.28  35.06 + 0.57
Site 3 Range 84.00-87.00 36.15-53.29 Nov-61 77.91-93.01 40.62-65.12 92.5-99 Dec-29 21-29 30.68-36.20
Mean+ SE 85.13 £ 0.66f  45.07 £3.53  26.50 + 11.59  84.50 + 3.17  52.39 + 5.20 95.38 + 1.57¢ 20.88 + 3.72 2350 £2.02 3398 £1.20
Site 4  Range 61.00-65.00 40.78-50.98 17-61 58.05-98.50 42.75-54.27 63-83.5 19-50.5 27-55 31.23-46.3
Meant SE 63.00 + 0.91c 4850 +4.12  30.50 + 10.27  74.96 + 8.48 50.28 £2.56  71.00 + 439ab  35.13 + 8.47 4350 £6.95  38.00 + 3.18
Site 5 Range 75.00-79.00 33.64-43.59 16-90 54.62-81.89 44.22-75.14 84.5-101 31-76.5 44-153 27.62-31.87
Meant SE 76.75 £ 0.85d  37.23 £2.20 51.50 + 17.00  68.94 + 6.93 55.85+7.10 91.00 + 3.55bc  43.38 + 11.06  77.25 +25.75 29.99 + 0.98
Site 6 Range 81.00-83.00 35.84-42.93 40-50 45.39-154.00 36.16-62.60 98-108 33-55 36-94 26.36-41.52
Mean+ SE 82.00 £ 0.58¢  39.74 £ 1.56  47.00 + 2.35 98.50 +22.61  51.40 +5.77 103.00 + 2.38c ~ 42.00 + 5.07  60.25 £ 12.36  36.62 + 3.54
F(p) 495.58** 1.45NS 1.25NS 1.1IINS 0.27NS 13.46*** 1.2INS 1.80NS 1.3INS

TBD, total burrow depth; BOD, burrow opening diameter; o, ground angle; BCD, bottom chamber diameter; MCD, middle chamber diameter; CBL, curve burrow length; HL, horizontal
length; B, mid angle; BND, burrow neck diameter. Significance level is defined as not significant (NS), *P< 0.05, **P< 0.01, or ***P< 0.001.

MCDE, middle chamber depth; BCDE, bottom chamber depth; BSLL, burrow’s straight-line length; NBO, number of burrow openings; NB, number of branches; BV, burrow volume; POV,
per opening volume. Significance level is defined as not significant (NS), *P< 0.05, **P< 0.01, or ***P< 0.001.

The present results showed that crab size, water depth, and
bulk density are related to burrow diameter, TBD, CBL, BSLL, and
BV. The CBL and mid angle indicate the difficulty of burrow
construction. Previous studies have shown that plant

Crab excavation and sediment turnover

Crab burrowing activities include building new burrows,
maintaining or reconstructing burrows through pushing mud

characteristics affect burrow morphology (Ringold, 1979; Wang
et al,, 2015), and the number of burrow openings, and branches
can be influenced by plant roots. However, in the present study,
the influence of plant roots was not considered because the study
areas were covered by patches of the annual plant species S. salsa,
which commonly has short roots (less than 15 cm).

out of the burrow and retreating back into burrow, opening
the burrow entrance by pushing aside the mud at the entrance,
and closing the burrow entrance with mud from inside the
burrow (Nordhaus et al., 2009). Thus, burrows receiving crab
maintenance and reconstruction will not trap much sediment,
as simulated in the present study. The burrow mimic can be

TABLE 1B. Burrow morphology nomenclature of Helice tientsinensis at each site.

MCDE BCDE BSLL NBO NB BV CBL : BSLL HL: TBD POV
Site 1 Range Oct-16 37-50 44-61 1 01-Feb 258.86-844.31 1.05-1.34 0.25-0.97 258.86-844.31
Meant SE  12.75 + 1.38 4325 +293a 5150 £3.52a 1.00 £+ 0.00 125+025 46570+ 129.76a  1.17 £ 0.06 0.55+£0.15 46570 + 129.76a
Site 2 Range Jun-13 53-57 58-73 01-Feb 01-Feb 508.04-1374.12 1.03-1.45 0.19-0.91 272.16-936.24
Meant SE  10.13 + 1.51 5525 + 0.85ab  64.00 £ 3.34a 150 + 029 150 + 029 840.68 + 202.52ab  1.15 £ 0.10 0.62 £0.16  600.87 + 140.41ab
Site 3 Range 16-22 72-88 85-93 01-Feb 01-Feb 590.29-1132.20 1.06-1.10 0.14-0.34 566.10-1129.78
Meant SE  18.75 + 1.38  76.50 £ 3.84c  87.75+ 1.89c 125+ 025 125+025 879.39 + 146.07ab  1.09 = 0.01 0.25+0.04  737.86 + 132.33ab
Site 4 Range 15-17 42-60 59-80 1 1 558.84-914.47 1.04-1.10 0.30-0.79 558.84-914.47
Meant SE  16.00 £ 0.58 51.50 + 443a  66.75 = 4.5%ab 1.00 + 0.00 1.00 +0.00  736.65 + 87.52a 1.07 £ 0.01 0.56 £ 0.13  736.65  87.52ab
Site 5 Range 9-21.5 60-74 72.5-93 1 1 616.90-1016.07 1.09-1.19 0.39-1.01 616.90-1016.07
Meant SE  16.88 £2.79 68.00 + 3.16bc  80.63 = 4.48bc  1.00 + 0.00 1.00 +0.00 837.05 + 83.94ab  1.13 £ 0.03 0.57 £0.15  837.05 + 83.94ab
Site 6 Range Jun-21 70-80 81-92 01-Feb 01-Feb 856.40-2206.33 1.15-126 0.41-0.68 856.40-2206.33
Meant SE  13.75 £3.17 7475+ 2.06c 8563 +232c 125+025 150 %029 1566.45+281.97b  1.20 + 0.03 0.51 £0.06  1349.02 + 318.92b
F(p) 2.26NS 18.98 %% 16.57°%% 1.20NS 1.03NS 261°F 1.09NS 1.15NS 325%

MCDE, middle chamber depth; BCDE, bottom chamber depth; BSLL, burrow’s straight-line length; NBO, number of burrow openings; NB, number of branches; BV, burrow volume; POV,
per opening volume. Significance level is defined as not significant (NS), *P < 0.05, **P < 0.01, or ***P < 0.001.
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FIGURE 7

Relationship between Helice tientsinensis size (A): carapace length and (B): carapace width) and burrow diameter.

used to simulate abandoned burrows, for example when the
burrows owner has been preyed on by water birds or other
large predators. The amount of adult crab excavation through
their burrow cast can be estimated, but it is not clear how long
it takes an adult crab to complete their burrow construction.
Many previous studies have examined crab burrow
morphology (Lim, 2003; Saher and Qureshi, 2011; Machado
et al., 2013), but few have estimated the amount of crab
excavation. Wang et al. (2010) estimated the amount of crab
excavation through 5-days of sediment collection, while in the
present study, daily crab excavation and deposited amounts
were estimated, in addition to the total amount of adult crab
excavation through their burrow cast and local sediment
bulk density.

Because crab burrowing activities not only include the
burrow construction period, but also the burrow maintenance
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period (Nordhaus et al., 2009), the 7-day sediment collection
period in the present study could not reflect the crab excavation
rate accurately. However, the field survey was conducted in
spring, which is probably the right time period for new burrow
building. To improve the accuracy of crab excavation amount
estimation, further studies are needed.

The present results also showed that sediment excavation by
crabs was ~50 times greater than that of sediment deposition
within crab burrow mimics, similar to previous studies
(Gutierrez et al., 2006; Wang et al., 2010). Meanwhile, crab
burrowing activities promote underground sediment and
nutrient cycling vertically, and enhance the sediment and
nutrient transfer on the soil surface horizontally (Wang et al.,
2010; Alberti et al., 2015). However, there are some biases in the
estimation of nutrient turnover rate based on the survey for
sediment cores in this study, because excavated sediments are
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Estimated effects of crab excavation on sediment (A), TN (B), TC (C), and OM (D) daily turnover rates among the different marsh zones. Data are
shown as means + SE. Letters indicate significant differences with a Tukey test.

exposed to the air and the nutrients are easily mineralised under
aerated conditions compared with nutrients in sediments.

In summary, crab burrowing activities are known to increase
sediment-water exchange, promote substrate drainage and
oxidation, accelerate plant debris decomposition, and enhance
the growth of substrate micro-organisms (Lim, 2003). Crabs can
directly and indirectly influence many ecological processes through
their bioturbation and herbivory (Alberti et al., 2015). Although it
is currently unclear how long it takes an adult crab to build a
complete burrow, the present results still highlighted the important
functions of crabs in sediment and nutrient cycling. Thus, this
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study has begun to fill the knowledge gap in understanding the
contributions of crabs to sediment and nutrient turnover, and will
facilitate managers in understanding the roles of crabs in coastal
ecosystems, especially for salt marsh protection and restoration.
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