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Abstract

Many mangrove ecosystem services, such as carbon sequestration, are closely linked

to mangrove soil water content, which in turn is thought to depend on animal burrow

density and the properties of the sediment in which the burrows are constructed.

We measured the water content in the sediment matrix between crab burrows

across 26 plots in a typical, fine-grained (clay), mangrove soil in the Mekong Delta,

Vietnam. We found that the water content of the sediment matrix remained more or

less constant throughout the tidal cycle, and was independent of burrow density.

Our results suggest that there is little exchange of water between the burrows and

the associated sediment matrix and that burrows act as an independent pipe network

transporting water through the mangrove soil. To check and extend our findings, we

used a numerical groundwater model to simulate an idealized burrow in a range of

sediment types. The model results confirmed that fine-grained mangrove sediments

do not drain readily into adjacent animal burrows because of their very low perme-

ability. Our results have important implications for understanding and forecasting

mangrove carbon dynamics with sea level rise.
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1 | INTRODUCTION

The degree to which mangrove soils drain during the tidal cycle is

thought to be an important control on their carbon and nutrient

cycles (Wolanski et al., 1992; Xiong et al., 2018). If mangrove sedi-

ments remain saturated, or close to saturated, throughout the tidal

cycle, they will rarely experience oxic conditions, leading to slow

mineralisation of organic matter. Mangroves are one of the most

carbon dense ecosystems in the world (Donato et al., 2011), and

slow mineralisation of soil organic matter in permanently-saturated

soils would promote their carbon capture and storage. However, it

has also been suggested that the export of large quantities of

organic matter, inorganic carbon and nutrients from mangroves to

coastal waters must be due to large quantities of groundwater dis-

charging from mangrove soils during the tidal cycle (Chen

et al., 2021; Dittmar et al., 2006; Lee, 1995; Maher et al., 2013;

Ridd, 1996; Santos et al., 2019; Stieglitz et al., 2000; Taillardat

et al., 2018).
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Mangrove soils are characterized by a sediment matrix in which

numerous animal burrows are often found. The drainage of a man-

grove soil will be influenced by the hydraulic conductivity of the

matrix—which in turn is related to sediment grain size—and by the

density and connectivity of animal burrows (Susilo & Ridd, 2005). In

addition, position within the tidal prism and the slope of the soil sur-

face will control the overall hydraulic gradient, with more steeply-

sloping mangrove soils expected to drain more readily than those with

gentle slopes (Mazda et al., 2007; Mazda & Ikeda, 2006).

Several studies have investigated the influence of animal burrows

on water flow in mangrove soils. Susilo and Ridd (2005) reported that

crab burrows can increase the bulk hydraulic conductivity of man-

grove soils by up to a factor of 10 but did not measure how the water

content of the sediment matrix varied over the tidal cycle or how it

was affected by burrow density (see below). Flushing of burrows may

occur during tidal cycles, and is caused by pressure differences

between burrow entrances and exits, due to their different positions

on the sloping soil surface (Ridd, 1996; Stieglitz et al., 2000). Large-

scale (forest-scale) studies using radioisotope tracer techniques have

estimated that a large amount of water (16.3 ± 5.1 cm d�1 on aver-

age; Tait et al., 2016) is exported from mangrove soils to adjacent tidal

creeks (Stieglitz et al., 2013; Taillardat et al., 2018; Tait et al., 2016).

This water seems to be highly enriched with dissolved inorganic car-

bon (DIC) (Taillardat et al., 2018), and represents one of the largest

losses of mangrove carbon. Maher et al. (2017) found that DIC at one

site was a century old and hypothesised this old DIC to be the product

of aerobic mineralisation of sediments in the walls of crab burrows.

However, this hypothesis has not yet been tested in the field.

It has been demonstrated that animal burrows increase the sur-

face area of soil exposed to air (Kristensen et al., 2008). However,

whether burrows cause the mangrove sediment matrix between bur-

rows to drain more readily is still unclear (Susilo & Ridd, 2005). Both

the sediment matrix and animal burrows can be expected to become

largely water-filled as the tide rises. As the tide ebbs, burrows that

have multiple openings may drain readily (Ridd, 1996; Stieglitz

et al., 2000). Then, large hydraulic gradients may develop between the

sediment matrix and the dewatering burrows, with water seeping

from the former into the latter if the hydraulic conductivity of the sed-

iment matrix permits it. If sufficient seepage occurs, the sediment

matrix will aerate, leading to higher rates of carbon mineralisation, and

an increase in the inorganic carbon flux from the mangrove soil as has

been observed in salt marshes (Xiao et al., 2021). However, low

hydraulic conductivity in fine-grained mangrove sediments may pre-

vent the matrix from draining despite the dewatering of burrows,

leaving the majority of the soil profile largely hydrologically discon-

nected from coastal seas.

The filling and draining of both the burrows and sediment matrix

during each tidal cycle corresponds with the sponge model of

Alongi (2014) (Figure 1). In contrast, other authors (e.g., Tait

et al., 2016) have suggested that most water flow in mangrove soils is

restricted to the animal burrows, and that the sediment matrix does

not drain. Better understanding of the hydrological dynamics of man-

grove soils is important, because if the sediment matrix is mostly

hydrologically inert and independent from the burrows, anoxic condi-

tions will prevail in this part of the soil, reducing overall rates of soil

organic matter decay. Furthermore, climate change might modify

those processes. Sea level rise has been shown to have the potential

to modify the sediment grain size composition (Sanders et al., 2012),

which might in turn alter the associated soil-water dynamics.

To test whether both burrows and the sediment matrix drain dur-

ing the tidal cycle, we measured in-situ the water content of the man-

grove sediment matrix along a gradient of animal burrow densities

and relative surface areas of burrow openings. Our study site in the

Mekong Delta of Vietnam has a fine-grained (clayey) matrix typical of

many mangroves (see Methods) (Figure 2). We also used a simulation

model of groundwater flow between the sediment matrix and an ide-

alized crab burrow to assess the kinds of sediment grain-size distribu-

tions that might reasonably be expected to give rise to appreciable

drainage from the matrix during a tidal cycle.

2 | MATERIALS AND METHODS

2.1 | Study site

We undertook our field investigation at the Can Gio Biosphere

Reserve (CGBR) in the Mekong Delta in the south of Vietnam (Figure 2).

The site in CGBR is typical of many Southeast Asian mangroves, insofar

F IGURE 1 Conceptual hydrological model of mangrove soils based on the sponge model of Alongi (2014). Water from the incoming tide
(1) enters the burrows (2), flows through the burrow network and infiltrates into the sediment matrix (3). At ebb tide, there is an outwelling of
solute-enriched groundwater (4) resulting from the drainage of the burrows (5) and the sediment matrix (6). This drainage causes the water table
in the soil, including the sediment matrix, to fall (7). In Alongi's (2014) original model the water table at low tide is shown as a flat line coincident
with the tide level, which is not plausible even in more permeable sandy sediments (e.g., Baird et al., 1998)

2 of 8 ARNAUD ET AL.



as: (i) it is a dense carbon store (910.7 ± 32.2 t C ha�1 [Dung

et al., 2016]); (ii) it is dominated by trees of the Rhizophora genus

(Arnaud et al., 2021; Donato et al., 2011); (iii) the sediment matrix is

mostly composed of clay-sized grains (70% of sediment by weight:

Arnaud et al., 2020), which is typical of deltaic or riverine mangroves

(Woodroffe, 1992); and (iv) it has an average groundwater outwelling

discharge of between 3.1 and 7.1 cm day�1, which is within the range

previously reported in mangroves more broadly (Taillardat et al., 2018;

Tait et al., 2016). The tidal regime is irregular and semi-diurnal, with a

maximum amplitude of 3.3–4.1 m in October and November (Thi Hoa

Binh et al., 2008; Van Loon et al., 2016). The macrofauna associated

with burrowing activities found in this site appear to be dominated by

sesarmid (family Grapsidae) and fiddler crabs (family Ocypodidae; genus

Uca) (Diele et al., 2013). Burrows of fiddler crab are J- or L-shaped in

vertical section and between 20 and 40 cm deep (Kristensen, 2008). In

contrast, burrows of sesarmid crabs range from simple, straight burrows

with few branches to complex, labyrinthine structures with multiple

openings over depths between 55 and 110 cm (Kristensen, 2008).

CGBR has a low-lying topography with elevation ranging from 0.5 to

1.5 m above mean sea level. Our measurement plots were located in the

mudflat (mid-intertidal) zone.

2.2 | Water content measurements and
observations

We took more than 1400 soil water-content measurements across

26 1 � 1 m plots located in the mid-inter-tidal area of CGBR. We also

recorded video footage of burrows being filled during a flood tide

(Supporting Information 1). To investigate how burrows affect sedi-

ment drainage, the plots were chosen to cover a range of densities

and surface areas of burrow openings (Figure 3). Thus, the plots were

not chosen randomly. In each plot we established between 15 and

20 fixed points in the sediment matrix from which we took repeated

measurements of soil volumetric water content (VWC) during that

part of the tidal cycle when the plot was not covered in water and, for

safety reasons, during hours of daylight. The measurements were

taken over 5 days of medium to high tidal amplitude in October and

December 2018. To limit confounding effects, we chose plots with

similar elevations above the mean sea level, and which were mostly

free of dense belowground roots. We took all the in-situ measure-

ments from floating platforms to avoid disturbance to the measure-

ment plots (Supporting Information 1). When grounded, these

platforms exerted low pressures on the soil surface and had no obvi-

ous effects on the water content of the sediment matrix between the

burrow openings. We measured VWC of the sediment matrix using a

ThetaProbe (DeltaT Devices; Cambridge, UK).

We took measurements at approximately one-hour intervals for

up to 4.5 h. The ThetaProbe measures VWC in a cylinder of sediment

3 cm in diameter and 6 cm in length (Gaskin & Miller, 1996). The

VWC measured was therefore in the top soil, which is the part of the

soil most prone to drainage. We calibrated the ThetaProbe with sedi-

ments collected from the field site. From saturation, we dried the cali-

bration sediments in an oven set at 30�C. During the drying, we took

regular ThetaProbe readings, and reweighed the sediments each time

to calculate changes in water content. ThetaProbes have a typical

accuracy of ±1% for soil-specific calibrations (manufacturer's informa-

tion). Our calibration over the moisture range encountered in the field

had an r2 of 0.94.

2.3 | Determination of areal coverage and density
of burrow openings

We measured the number of burrow openings per unit area, and their

aeral coverage, from digital photographs of the plots (such as that

shown in Figure 3). In total, we measured more than 2000 burrow

openings. We corrected each picture for image distortion with the

GNU Image Manipulation Program (GIMP) (https://www.gimp.org/)

and then extracted the area and the number of burrow openings in

each image using ImageJ (Rueden et al., 2017). The area and number

of the burrows were obtained by converting each image into an 8-bit

greyscale image. The threshold tool was then used to increase the

contrast and separate the burrows (black pixels) from the soil matrix

F IGURE 2 Location of the study area
and distribution of the monitoring plots.
Modified from Arnaud et al. (2021) and
Taillardat et al. (2018)
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(white pixels) for each image. Finally, we used the ‘region of interest

(ROI) manager tool’ with the function ‘measure’ to obtain the area of

each burrow opening, as well as their number for each image. We

measured only burrow openings with a minimum area of 0.50 cm2

(~8 mm diameter), because smaller burrow openings could not be dif-

ferentiated in ImageJ from crab defecation pellet shadows.

2.4 | Modelling of water flow into an idealized
burrow

To check our interpretation of our field data and to extend our results

to sediments with different grain sizes, we used a 3-D groundwater

model to simulate flow into a single vertical burrow that is 50 cm long

(Figure 4), has a diameter of 6 cm, and in which the water level is fixed

at a depth of 5 cm from the burrow base (45 cm depth), as shown in

Figure 4. Our approach is similar to that used by Xin et al. (2009) and

Xiao et al. (2019), who simulated the effect of crab burrows in layered

sediments in salt marshes. Both Xin et al. (2009) and Xiao et al. (2019)

represented multiple crab burrows as simple vertical columns of high-

permeability sediment, and both saturated and unsaturated flow were

simulated. We simulated saturated flow only, accounting for water-

table rise and fall using the specific yield of the sediment (see below).

As with Xin et al. (2009) and Xiao et al. (2019), we assumed Darcy's

law applied to the flow within the sediment. We represented the crab

burrow in a more realistic way than Xin et al. (2009) and Xiao

et al. (2019): it was treated as an air-filled void and a seepage face

was allowed to develop on the wall of the burrow.

Our 3-D model accounts for radial flow to the burrow, both in

plan and with depth. We built the model using Modflow 6 (Supporting

Information 2). In each model run, we assumed the sediment matrix

had a single, uniform combination of hydraulic conductivity and spe-

cific yield, summarized in Table 1. We considered five combinations

of hydraulic conductivity and specific yield to represent two types of

clay and three types of silt (Table 1). In each case, we used the model

to simulate 6 h of drainage, assuming an initial condition in which the

sediment matrix beyond the burrow was saturated (the water table

was at the mangrove surface). Further details of the model are pro-

vided in Supporting Information 2.

3 | RESULTS AND DISCUSSION

3.1 | Water content of the sediment matrix is
unaffected by the presence of crab burrows

Our in-situ measurements showed that the water content of the sedi-

ment matrix remained at, or close to, saturation, with very little varia-

tion over time (Figure 5). The minimum VWC of the sediment matrix

per plot was 51.5% and the maximum was 52.2%. There was no obvi-

ous difference between the plots, despite: i) the number of burrow

openings per plot differing by more than an order of magnitude

(min = 11, max = 198), and ii) the area of the burrow openings being

more than two orders of magnitude greater in the plot that was most

F IGURE 3 Examples of burrow
openings in plots with (a) high (>100
burrows m�2) and (b) low (<75 burrows
m�2) burrow density

F IGURE 4 Geometry of the idealized crab burrow represented in
the numerical model

4 of 8 ARNAUD ET AL.



heavily-burrowed compared to plots that were almost free of burrows

(Figure 5).

As noted above, several studies have shown a large exchange of

water between mangrove forests and adjacent water bodies, including

previous work at our study site (Taillardat et al., 2018). Our VMC mea-

surements suggest that such exchange must take place wholly in the

animal burrows. Our burrow data can be used as a check on this find-

ing. We measured a mean surface burrow area fraction of 4%,

although this figure is based on a non-random sample (see Methods).

If we assume that the unit volume of burrows is similar to this value,

and that burrows extend to a depth of 50–100 cm, the total volume

occupied by burrows is equivalent to a water depth of 2–4 cm. If we

further assume that all of the burrow volume is flushed per tidal cycle,

then two tidal cycles per day could flush 4–8 cm day�1, a range very

close to the 3.1–7.1 cm day�1 recorded elsewhere at Can Gio by

Taillardat et al. (2018). Clearly, such an analysis is only very approxi-

mate, but it does suggest that drainage of the sediment matrix does

not need to be invoked to explain existing groundwater flushing

estimates.

We also observed the rapid filling and drainage of the crab bur-

rows in our plots confirming that burrows must have two or more

openings, as observed by Stieglitz et al. (2000). The video (Supporting

Information 1) shows burrows filling from below as well as from above

as the tide rises. Burrows filling rapidly from below can only be

explained by water entering another opening in the same burrow at a

lower location that is already flooded with tidal water. Furthermore,

the fact that the burrows are empty at the beginning of the video

shows that they drain during low tide.

Overall, our observations confirm that the mangrove soil com-

prises a system of large hydrologically-dynamic macropores, in which

water flow occurs readily, set within a microporous matrix where the

turnover of water is very slow. Figure 6 summarizes our results as a

conceptual model. Similar dual-porosity systems occur in terrestrial

soils (Armstrong & Arrowsmith, 1986; Beven & Germann, 1982). The

sediment matrix seems to be best described by hydraulic principles

based on Darcy's Law, and the macropores as a separate soil domain in

which turbulent or non-Darcian flow may occur (Beven &

Germann, 1982). The limited interaction between these two domains is

TABLE 1 Hydraulic conductivity and specific yield values used in the numerical model simulations

Fine claya,b Coarse claya,b Fine silta,b Medium silt Coarse silta,b

Hydraulic conductivity (m s�1) 1 � 10�11 4.7 � 10�9 1 � 10�9 1 � 10�7 2 � 10�5

Specific yield (�) 0.03 0.03 0.08 0.08 0.08

Note: aDenotes values taken from table 3.2 and b from table 4.2, both in Domenico and Schwartz (1990). The hydraulic conductivity for the medium silt

was set to be 100 � greater than the value for the fine silt. Domenico and Schwartz (1990) do not define these particle size terms. However, one of the

main sources of their information (Johnson, 1967) classifies sand as a particle size of 2–0.0625 mm, silt as 0.0625–0.004 mm, and clay as <0.004 mm. No

information is provided in Domenico and Schwartz (1990) on the boundaries between ‘fine’, medium’ and ‘coarse’.

F IGURE 5 Results from the field
plots: (a) burrow opening density,
(b) burrow opening area fraction. (c–e)
show the median (black line) and the
distribution of the data (0–100% quantile
range in light grey; and inter-quartile
range in dark grey) of the VWC of the
sediment matrix in plots having a (c) low
(<75 burrows m-2), (d) medium (75–100
burrows m-2) and high (e) (>100 burrows
m-2) density of burrows
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likely to result from the mangrove sediment having a very low hydraulic

conductivity. We used the modelling work to check that this conclu-

sion is plausible from a process-based perspective, and to explore the

implications for mangroves across a range of sediment grain sizes.

3.2 | Modelling water exchanges between the
sediment matrix and crab burrows

The numerical model results (Figure 7) confirm our interpretation of

the field data and show that, in a crab burrow surrounded by a clay,

there is likely to be little or no drainage between the sediment matrix

and the burrow during a typical tidal cycle. The ranges of hydraulic

conductivity values reported for clays and silts overlap (Figure 7). For

the bottom end of the clay range (fine clay in Figure 7 and Table 1)

and the bottom end of the silt range (fine silt), virtually no water flows

between the sediment and the modelled burrow. For the high end of

the clay range, which is higher than the lower end of the silt range, a

small amount of sediment drainage occurs within 15 cm of the bur-

row. These results confirm that for the low hydraulic conductivities of

most clays and fine silts, water does not drain into crab burrows dur-

ing the tidal cycle. The simulation of the higher end of hydraulic con-

ductivities, representing coarse silt, did show substantial drainage to

the crab burrow, and is consistent, in part at least, with Alongi's (2014)

model (Figure 1). As shown in Figure 7, even after only 1.5 h, more

than half of the coarse silt within the vicinity of the burrow had dra-

ined, releasing water representing 8% of the total volume of the

matrix. Clearly, our simulations are idealized and do not include real-

world spatial complexity such as multiple burrows and burrow angles,

which would prove numerically challenging or intractable. However, in

combination with our field data, they suggest that water exchanges

between fine-grained mangrove soils and adjacent open-water bodies

are confined almost wholly to the burrow network. Since clay and fine

silt are the dominant grain size fraction found in many mangrove sedi-

ments (Woodroffe, 1992), our findings can be expected to have wide

applicability. For mangroves containing coarse silts and sands,

Alongi's (2014) sponge model will be more appropriate. Our measure-

ments and modelling are limited to sediments that were well sorted, in

the case of poorly sorted sediments more studies will be necessary to

establish the effects on drainage.

3.3 | Implication for biogeochemical processes

Our results have several implications for biogeochemical cycling in

mangroves. The water table does not fluctuate substantially in the

sediment matrix, meaning that the mangrove sediment matrix will be

mostly anoxic, which likely aids mangrove carbon sequestration by

decreasing mineralisation rates. Burrow walls, however, may act as

hot-spots of carbon mineralisation and nutrient cycling, by increasing

the total surface area of the sediment matrix exposed to the air during

low water (Kristensen et al., 2012). Crabs ingest organic matter and

redeposit it in the form of defecation pellets at the surface of the sed-

iment matrix or inside burrows (Kristensen et al., 2012). This min-

eralised carbon is readily available for daily tidal export in fringe

mangroves. The twice-daily tidal inundation that brings fast-flowing

F IGURE 6 The dual-porosity and -permeability system of fine-grained mangrove soils, such as our study site. During flood tide (1), incoming
water enters the burrows at their surface openings (2), flushing out air and filling them with water (3). During the ebb tide (4), water stored in the
burrows, enriched in solutes derived from the burrow walls, drains (5). Although the burrows drain, the water table in the sediment matrix remains
stable at or near the ground surface (6)

F IGURE 7 Results from the numerical model runs for the
situation depicted in Figure 4. All water tables are for 6 h after the
commencement of drainage, except the grey dashed line, which
shows the position of the water table after 1.5 h
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water through the burrow pipe network transports this matter to

adjacent ecosystems, and may also cause some erosion of the burrow

wall surface (personal in-situ observations by the senior author),

increasing the quantity of matter exported.

4 | CONCLUSIONS

We found that the upper layer of a mangrove sediment matrix does

not drain during ebb tides and that near-surface water contents are

unaffected by animal burrows. Our results confirm that animal bur-

rows do not cause drainage of the sediment matrix in fine-grained

mangrove soils, and rather act as an independent pipe network

through which water enters and leaves according to the tidal cycle,

leaving the majority of the sediment matrix hydrologically discon-

nected from the ocean. Our simulation modelling indicates that

exchanges of water between the sediment matrix and burrows are

only likely to be important in mangroves with sediment grain-size dis-

tributions towards the coarse end of those usually observed.
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