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a b s t r a c t

Along the coastal areas of the Southwest Atlantic estuaries and embayments, phreatic water often cir-
culates through very extended areas (up to several hundred meters perpendicular to the coast), domi-
nated by dense assemblages of deep burrows of the crab Neohelice granulata (formerly Chasmagnathus
granulatus). This crab inhabits the intertidal area, from mudflats to marshes vegetated by species of
Spartina, Sarcocornia and Juncus, generating extensive burrowing beds where burrow density may reach
up to 60 burrows m�2. Since the lower limit of the crab burrows is usually the water table, we
investigated through field experiments the effect of N. granulata and their burrows on the chemical
characteristics of this phreatic water. Water analysis from experimental (1) occupied burrows (with
crabs), (2) unoccupied burrows (where crabs were excluded), and (3) sediment pore water show re-
markable differences. Water oxygenation, and nitrate, ammonium and sulphate concentrations inside
occupied burrows were higher than in the water inside unoccupied burrows or pore waters. Moreover,
directed sampling of phreatic water entering and leaving the crab bed, shows that dissolved inorganic
nitrogen concentration is enhanced as the water crosses the crab bed. These results may be ascribed to
the fact that in the salt marsh the crabs spend most of their time within burrows, where presumably they
store food (plants) and defecate. These activities generate an area of accumulation of excrements and
nutrients in different decomposition states. The present work shows a novel way by which bioturbating
organisms can affect nutrients exportation from salt marshes to the open waters.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Subterranean groundwater discharges may be an important
fraction of the fresh water input in coastal areas without significant
river input (Moore, 1996; Lambert and Burnett, 2003). In some cases,
groundwater discharge into the sea may influence productivity,
biomass, species composition and zonation by means of altered
salinities, dissolved nutrient concentrations or dissolved pollutants
(Johannes, 1980). Moreover, nutrient input by subterranean
groundwater discharge plays an important role in nutrient cycling
and primary productivity in the coastal ocean (Slomp and Van
Cappellen, 2004). The input rates of nutrients can be significant due
to nutrient concentrations in coastal groundwater which may be
several orders of magnitude greater than those of the receiving
coastal waters (Valiela et al., 1990). Nutrients in subterranean
groundwater are mostly involved in geochemical transformations in
their way through the bottom sediments (Slomp and Van Cappellen,
All rights reserved.
2004). Although it is known that groundwaters often pass through
marsh and subtidal sediments before reaching the estuary (e.g.
Harvey and Odum, 1990), the biological effects on their character-
istics have not been taken into account previously.

Saltmarshes are usually the interface between land and water
bodies, thus they directly interact with groundwater discharges
(Harvey and Odum, 1990). Marshes are effective filters and nutrients
transformers (e.g. Correl,1981); their vegetation largely influences the
sediment microbial activity by root excretion of organic substances
and oxygen (e.g. Moriarty et al.,1986; Gribsholt and Kristensen, 2002).
However, bioturbating organisms transport particles and fluid during
feeding, burrowing, tube construction and irrigation activities (e.g.
Aller, 1988; Aller and Aller, 1998; Fanjul et al., 2007). These organisms
enhance water-sediment fluxes (Aller, 1988; Kristensen et al., 1991;
Christensen et al., 2000), stimulating anaerobic degradation processes
(Andersen and Kristensen, 1992; Banta et al., 1999; Fanjul et al., 2007),
and also can influence the form and rate at which the metabolites are
returned to the water column (Aller, 1983; Kristensen and Kostka,
2005). Thus, benthic macrofauna and flora may affect both the activity
of microbial communities and transport processes in the sediment
(Kristensen, 1984; Duarte, 1995; Fanjul et al., 2007).

mailto:mefanjul@mdp.edu.ar
www.sciencedirect.com/science/journal/02727714
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marshes and Neohelice granulata crab beds, and showing the location of sampling
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Southwestern (SW) Atlantic estuaries and embayments (from
southern Brazil, 23� S, to the northern Argentinean Patagonia,
41� S) are characterized by the presence of the burrowing crab,
Neohelice granulata Dana (¼Chasmagnathus granulatus; for re-
cent taxonomic revision, see Sakai et al., 2006; see also Spivak
et al., 1994; Iribarne et al., 1997). This crab inhabits the intertidal
area, from mudflats to marshes vegetated by species of Spartina,
Sarcocornia and Juncus (e.g. Botto et al., 2005; Bortolus, 2006),
generating extensive burrowing beds (e.g. Iribarne et al., 1997;
Botto et al., 2006). Burrows affect particle movement, working as
passive traps of sediment organic matter (e.g. Botto et al., 2005,
2006), detritus (e.g. Iribarne et al., 2000; Botto et al., 2006) and
polluting agents (e.g. Menone et al., 2004). Moreover, N. gran-
ulata has an important effect on particle redistribution (Botto
and Iribarne, 2000; Fanjul et al., 2007), sediment chemistry
(Botto et al., 2005; Gutiérrez et al., 2006; Fanjul et al., 2007) and
drainage (Iribarne et al., 1997; Botto and Iribarne, 2000). Crab
burrows are always open. In the mudflats burrows are short (up
to 36 cm depth) with funnel-shaped entrances; however, in
marshes they construct straight, long vertical tubular burrows up
to 1 m depth (up to 40 mm diameter), reaching the water table
(Iribarne et al., 1997; Bortolus and Iribarne, 1999). A certain
amount of water is retained in burrows during low tide, and the
presence of burrows with more than one aperture or burrows
with small lateral tunnels inside may promote subterranean
piping flow driven by a pressure difference above different
openings during high tide (Allanson et al., 1992; Ridd, 1996;
Perillo et al., 2005). Thus, groundwater seepage along tidal
channels is favoured by the presence of burrows (Perillo et al.,
2005). Phreatic reservoirs in SW Atlantic costal marshes often
circulate underneath very large areas drilled by crab burrows
before discharging in the estuarine/coastal water (e.g. Iribarne
et al., 1997). Furthermore, the burrows promote the contact be-
tween the atmosphere and the phreatic water afecting its redox
state, while crabs activities directly impact over the chemical
composition of the phreatic water.

Bioturbation has usually been considered as a diffusional pro-
cess (i.e. continuous, symmetrical and over small distances; Bou-
dreau, 1986; Boudreau et al., 1998), which stimulates nutrient
benthic fluxes from intertidal sediments to coastal waters (Aller,
1988; Kristensen et al., 1991; Christensen et al., 2000). However,
there is limited information on the potential effect of dense as-
semblages of animals that construct deep burrows (like Neohelice
granulata). To our knowledge, no work has previously focused on
the effect of bioturbation activities on subterranean groundwater
discharges, even though these have been recognized as an impor-
tant source of nutrients to coastal primary productivity (e.g.
Johannes, 1980; Moore, 1999; Burnett et al., 2001). Given that in the
marsh N. granulata burrows usually reach the phreatic reservoir
(Bortolus and Iribarne, 1999), the chemical characteristics of the
phreatic water may be modified via direct input of substances
trapped and/or produced inside the burrows (i.e. crab excretions
and metabolites of microbial activities), and also as a result of
phreatic water oxygenation facilitated by the burrow structure.
Using specifically targeted samplings and field experiments, we
evaluate the effect of the burrowing crab, N. granulata, on the
chemical characteristics of subterranean groundwater that dis-
charges into coastal waters.

2. Materials and methods

2.1. Study site

The study was carried out between December 2005 and April
2006 at Mar Chiquita Coastal Lagoon (Argentina, 37�320 S, 57�190 W;
Fig. 1), a shallow body of brackish water affected by low amplitude
tides (<1.5 m) and characterized by soft bottoms (e.g. Fasano et al.,
1982; Spivak et al., 1994; Iribarne et al., 1997). The lagoon receives
a subterranean water contribution of around 0.8 hm3 yr�1, which is
approximately the 2.2% of its average volume (Fasano et al., 1982).
Most of their intertidal sediments are characterized by the presence
of the burrowing crab, Neohelice granulata, which generates exten-
sive burrowing beds with up to 60 burrows m�2 (e.g. Iribarne et al.,
1997; Botto and Iribarne, 2000). In Mar Chiquita Coastal Lagoon, this
crab inhabits the whole intertidal area from mudflats to vegetated
marshes (e.g. Botto et al., 2005; Bortolus, 2006). Similar patterns
occur in most of the intertidal areas of SW Atlantic estuaries and
embayments (see Iribarne et al., 2005; Botto et al., 2006).
2.2. Mensurative experiment (comparison across habitat zones)

A directed field sampling was conducted in a marsh inhabited by
Neohelice granulata (see Fig.1) in order to evaluate if there is a change
in the chemical characteristics of phreatic water as it crosses the crab
bed. Wells were constructed using PVC pipes (to depths of 0–15 cm
below the water table level, 10 cm diameter) to collect phreatic
water at four different intertidal sites defined by their relative tidal
height (see Figs. 1 and 2A) and the presence/absence of crabs across
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the marsh. Twenty-eight wells were constructed in two different
lines parallel to the tidal level from inland of high marsh to collect
phreatic water before crossing the crab bed (upland ‘‘UPL’’ and high
marsh ‘‘HM’’ wells, see Figs.1 and 2A). Fourteenwells (middle marsh,
‘‘MM’’) were constructed in the middle marsh to collect phreatic
water when crossing the crab bed; and 14 other identical wells were
constructed in the high mudflat (‘‘HMF’’), near the marsh edge, to
collect phreatic water after crossing the crab bed in the marsh (HMF
wells, see Fig. 2A). Simultaneously with phreatic water sampling, we
collected 14 water samples from the tidal channel (‘‘CH’’). Water
samples for chemical analyses were collected during ebb tide pe-
riods, and immediately transported to the laboratory, filtered and
preserved at �20 �C until analysis for salinity, sulphate, nitrate,
ammonium, dissolved oxygen and pH. One-way ANOVA was per-
formed on log-transformed data to test marsh zone effect on the
chemical characteristics of phreatic water across the intertidal sites
(Zar, 1999). Hereafter, a posteriori LSD tests were used when signif-
icant differences were found after ANOVA (Underwood, 1997).

Sediment salt content was measured at HMF, MM, HM and UPL site.
Sediment samples (n¼ 14 for each site) were taken with a PVC core
from each intertidal sites (3 cm diameter and 10 cm depth). Water
content was obtained as the difference between wet and dry weight
(after being dried at 60 �C up to constant weight). Then, a subsample
(w10 g) was used to measure salinity of a 1:2 dry-sediment/distilled-
water extract. Sediment salt content was calculated from water and salt
sediment content data at each site. Porewater salinity could not be
determined directly due to the low porewater content in these sedi-
ments. Differences in salt content across the intertidal sites were tested
using one-way ANOVA (Zar, 1999).

Marsh sediments are most likely supersaturated in salts, and
precipitated salts crystals on sediment surfaces are easily visible (E.
Fanjul, personal observation). Given that during low tide phreatic
water drains through sediments with high salt content, a progressive
increase of phreatic water salinity by salt dissolution seems plausi-
ble. Assuming that the general movement of groundwater in the
coastal zones is from upland sites to discharge sites in the tidal
channels, we use a simple two-source mixing model described by
the equation (1) to account for the observed salinity gradients.

PWsal
i ¼ ai � PWsal

i�1 �
�

Si�1 þ Si

2

�
� Di þ ð1� aiÞ �Wsal

5 (1)

In equation (1) i stands for the marsh site (the sites are numbered
consecutively from i ¼ 1 in UPL, to i ¼ 5 in CH; see Fig. 1); PWsal

i and
Si are the salinity and the sediment salt content measured at site i,
respectively; Wsal

5 is the salinity of channel water; and Di is the
normalized distance between i and i � 1 sites. The factors ai and
(1 � ai) represent the relative volume of water from UPL or CH
sources, respectively, that are mixed at each site. Assuming that the
volume of water from UPL and tidal channel that mixes at the i
marsh site (i.e. ai) is proportional to the distance between i site and
the two sources (i.e. UPL and CH), the model allow us to estimate
the salinities of phreatic water at HM, MM, and HMF sites. Data of
PWsal

i and Si were resampled independently (n ¼ 100) for each
marsh site (Manly, 1998), in order to estimate the salinities at dif-
ferent sites from equation (1). The null hypothesis of no difference
between measured and estimated salinities of phreatic water at
HM, MM, and HMF sites were evaluated independently for each site
using t-test (Zar, 1999); the degrees of freedom used in this t-test
were those of the original data following a conservative approach
(Manly, 1998).
2.3. Manipulative experiments testing effects of crabs and burrows

A manipulative field experiment was conducted to evaluate if
there is an effect of Neohelice granulata activities on the quantity
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and quality of dissolved inorganic nutrients in the water inside
the burrows. The experiment was deployed in the middle level of
a Spartina-marsh (MM level, see Fig. 1). To distinguish if changes
in the quality of burrow water could be simply explained by the
increment of exchange area by burrow presence, or caused by the
added effect of crab activities inside the burrow (i.e. bioturbation
activities, feeding, excretions), three experimental treatments
were employed: (1) areas with artificial burrows and crabs
(burrow þ crab treatment; thereafter B þ C); (2) areas with ar-
tificial burrows but without crabs (burrow treatment; thereafter
B); and (3) crab exclusions areas used as ‘‘control’’ treatment
without effect of crabs or burrows (NBC). One adult crab was
added per burrow at B þ C treatment. Each experimental plot
was separated at least 5 meters from each other, and was sur-
rounded with plastic mesh boxes (opening 0.75 cm) of 1 m side
and 0.4 m tall (n ¼ 8 per treatment). Treatments were randomly
assigned to each plot, and all experimental plots were placed on
areas initially not occupied by crabs or burrows to evaluate their
actual effects on the sediment chemistry. Artificially-constructed
burrows (1.2 m depth; 30 burrows m�2) were created by pushing
a PVC pipe (3 cm diameter) into the sediment and then the pipe
and the sediment inside were removed (see Iribarne et al., 2005).
Boxes were periodically (i.e. by-weekly) observed to make sure
that the crabs were alive and active in B þ C plots, and that they
did not colonize the control plots (when a crab was found in
these plots, it was removed by hand). In this experiment, burrow
water collection was conducted after 4 months to ensure mini-
mum sediment disturbance after the set up. In treatments B þ C
and B, burrow water was collected by means of a 60 ml syringe
attached to a 5 mm acrylic tube gently immersed 15 cm into the
burrow. Water samples of treatment NBC were extracted using
wells (15 cm depth) constructed using PVC pipes (30 mm
diameter). These wells allowed us to collect vertically composite
pore waters. All water samples were collected during ebb tide
periods and immediately transported to the laboratory, filtered
and conserved at �20 �C until analysis. The null hypothesis of no
differences in the dissolved inorganic nutrients of burrow water
(see below) between different treatments was evaluated by one-
way ANOVAs (Zar, 1999).

2.4. Chemical analyses

Salinity, sulphate (SO4
2�), nitrate (NO3

�), ammonium (NH4
þ),

dissolved oxygen (O2) and pH were measured in the phreatic and
burrow water. Salinity was measured using a handheld
refractometer. Sulphate and nitrate were analyzed after the elimi-
nation of Cl� by ion-chromatography (Universal Anion� column
150 mm, HCO3/CO3

2� mobile phase 1.25/0.85 mmol L�1, suppressed
conductivity detection). NH4

þ was measured following the blue-
indophenol method (Solórzano, 1969). Dissolved oxygen was
measured in situ using an Oakton� Waterproof DO 300 Meter. pH
was measured in situ using a combination pH electrode (HI 1230B,
Hanna Instruments).

3. Results

3.1. Mensurative experiment (comparison across habitat zones)

Solute concentrations in phreatic water showed differences
between sites. Salinity was twice as low in the upland sites than in
middle marsh sampling station (UPL: mean ¼ 16, SD ¼ 6, n ¼ 14;
MM: mean ¼ 35, SD ¼ 1, n ¼ 14), and then decreased through the
high mudflat (HMF) sites to reach intermediate values on the tidal
channel water (CH: mean ¼ 26, SD ¼ 3, n ¼ 14; ANOVA:
F4,65 ¼ 40.39, p < 0.001; Fig. 2B). Sulphate concentration was
highest at the MM sites, and showed the lowest value in the upland
sites (log transformed data: F4,65 ¼ 12.45, p < 0.001; Fig. 2C). The
pH of phreatic water was lower before (i.e. upland) than after the
crab bed (i.e. HMF, see Fig. 1) showing intermediate values in HM
and MM sites (log transformed data: F4,65 ¼ 88.4, p < 0.001;
Fig. 2D). Nitrate concentration on phreatic water increased when
approaching from high elevations to MM sites, showing the lowest
values in HMF sites and the highest value in the tidal channel water
(log transformed data: F4,65 ¼ 20.31, p < 0.001; Fig. 2E). Ammo-
nium content was in average 2.5 times higher in the HMF than in
the others sampling sites (log transformed data: F4,65 ¼ 15.70,
p < 0.001; Fig. 2F). DIN was higher at CH and HMF sites than at
upland, high and middle marsh sites (log transformed data:
F4,65 ¼ 14.33, p < 0.001; Fig. 2G).

Sediment salt content was higher at middle marsh than at high
plain, high marsh and upland sites. Salt sediment content at upland
sites was 14 times smaller than at the other sites (F3, 36 ¼ 38.28,
p < 0.001). No differences were found between measured and
model-estimated values of phreatic water salinity at HM (mea-
sured: mean ¼ 28, SD ¼ 3; model-estimated: mean ¼ 24, SD ¼ 9;
t ¼ 1.71, df ¼ 26, p ¼ 0.100), MM (measured: mean ¼ 35, SD ¼ 2;
model-estimated: mean ¼ 37, SD ¼ 10; t ¼ �0.74, df ¼ 26,
p ¼ 0.468) and HMF sites (measured: mean ¼ 33, SD ¼ 2; model-
estimated: mean ¼ 32, SD ¼ 5; t ¼ 0.27, df ¼ 26, p ¼ 0.789). Thus,
the mixing model accurately describes the gradient in water
salinity of phreatic water across the marsh sites, indicating that
groundwater flows from upland sites to the tidal channel, dissolv-
ing precipitated salts of marsh sediments.

3.2. Manipulative experiments testing effects of crabs and burrows

Experimental manipulations showed that Neohelice granulata
presence affected burrow water quality. Sulphate concentration was
lower in burrow water in B treatment and in porewater in NBC
treatment, than in burrow water in B þ C treatment (F2,21 ¼ 9.85,
p < 0.05; Fig. 3B). Dissolved oxygen was higher in burrow water of
the Bþ C treatment than other treatments, and dissolved oxygen in
water of unoccupied burrows of the B treatment was higher than in
the NBC treatment (square-root transformed data; F2,21¼725.01,
p < 0.05; Fig. 3C). Salinity, pH, ammonium concentration, nitrate
concentration and DIN concentration in water inside burrows in the
Bþ C treatment were higher than in porewaters in non-bioturbated
NBC treatment (salinity: F2,21 ¼ 4.31, p < 0.05, Fig. 3A; pH:
F2,21¼11.00, p < 0.05, Fig. 3D; ammonium: F2,21 ¼ 9.73, p < 0.05,
Fig. 3E; nitrate: F2,21 ¼ 6.52, p < 0.05, Fig. 3F; DIN: F2,21 ¼10.72,
p < 0.05, Fig. 3G). For all these variables, the water inside unoccupied
burrows (i.e. B treatment) presented intermediate values when
compared with the Bþ C and NBC treatments (Fig. 3A,D–G).

4. Discussion

Our observations and experiments showed that phreatic water
increase their DIN content as it crosses the crab beds of Neohelice
granulata. Also, the manpulative field experiment revealed that
crab activities modify water quality, since the amount of dissolved
substances in water burrows was always higher than that of
porewater from non-bioturbated sediments, while water inside
unoccupied burrows show intermediate quantities of dissoved
nutrients.

4.1. Phreatic water circulation underneath crab beds

Changes in salinity of the phreatic water across marsh zones
confirm that groundwater flows from inland to tidal channels. Our
data shows horizontal salinity patterns typical of a ‘‘subterranean
estuary’’ (sensu Moore, 1999; Fig. 2B) in which fresh and saltwater
are mixed. At low tide, the tidal channel contains a blend of
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seawater and surface freshwater derived from inland areas. In our
study site, salinity of tidal channel was lower than salinity from the
phreatic water below the marsh sediment. Much of the ground-
water that is discharged directly to estuaries is intercepted by
marshes, and the groundwater is then a component of the marsh
pore water subject to desiccation (Harvey and Odum, 1990).
Moreover, it has been shown that salt excluded at the mangrove
roots can cause the salt concentration in the surrounding sedi-
ments to rise above 50 kg m�3 (Passioura et al., 1992). Thus, in our
study site, phreatic water drains through sediments with high salt
concentration possibly due to both desiccations of high quantities
of seawater accumulated in the crab burrows during low tide, and
salt excretions by Spartina roots. The measured salinities of phreatic
water across marsh sites were almost equal to the model-estimated
value for each site, indicating that the two-source mixing model
accurately describes the gradient in water salinity of phreatic water
across the marsh. Thus, the phreatic water salinity pattern found in
the study site can result from dissolution of salt from sediments by
groundwater, as it flows through marsh sediments from inland to
tidal channel, and also as a result of mixing with tidal channel
water.

The increase in nitrate concentration of phreatic water from the
high to the middle marsh zones could be due to crab burrows
(Fig. 2E), because water inside both occupied and unoccupied bur-
rows is richer in nitrate (see Fig. 3F). In the marsh areas, high
quantities of nitrate may enter the phreatic water via crab burrows,
which act as a conduit for dissolved substances (Stieglitz et al.,
2000). Thus, in this area, crabs enhance nitrate content of phreatic
water (see Section 3). In this area, the removal of nitrate through
denitrification (and nitrate reduction) could be limited by the high
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redox state of sediments produced by the low inundation frequency
of higher marsh zones, since denitrifying bacteria consume nitrate
under anoxic conditions (Herbert, 1999). The depletion in nitrate
from middle marsh toward the mudflat may be the result of bi-
ological consumption of nitrate by plant uptake or by denitrification
coupled to organic matter degradation. This last process, which
occurs in anoxic sediments (see Herbert,1999), is stimulated by crab
activities (Fanjul et al., 2007). Therefore, both plant assimilation and
denitrification may act as sinks of the high nitrate content of phreatic
and burrow water. Water inside burrows is also enhanced in
ammonium (see Fig. 3E), possibly due to both ammonium accu-
mulation from crab excretions and the high rates of organic matter
degradation (that produce ammonium as end N product; Herbert,
1999). As a result, phreatic water becomes progressively more
concentrated in ammonium along the direction of groundwater
flow. When this water is further mixed with oxic water from the tidal
channel, part of the ammonium may be removed through nitrifi-
cation and converted to nitrate (see Slomp and Van Cappellen,
2004). Considering that the individual absolute values of nitrate and
ammonium concentration may be influenced by water evaporation
or mixing, we verify that the ratio between nitrate-ammonium and
total DIN, which are free from this source of error, followed the same
trend as nitrate and ammonium concentration patterns. Thus, we
can safelyconclude that groundwater nutrients are mostly subject to
active biogeochemical transformations.

4.2. Burrow water enhancement in inorganic nutrients

Given that marshes are located between land and sea, and due
to their relatively high rates of biogeochemical transformations
(Alongi, 1998), many works suggest that marshes actually serve as
nutrient filters intercepting and absorbing land-derived nutrients,
thereby reducing nutrient input to estuarine and coastal waters
(Nixon, 1980; Correl, 1981; Valiela et al., 2000). Our results show
that bioturbating organisms may affect this filtering of land-derived
nutrients, since they perforate the marsh sediments influencing the
nutrients that leave the marsh through phreatic water. Moreover, in
the salt marsh, crabs spend most of their time within their burrows,
where they defecate and store food (plants and detritus). This
process generates the accumulation of excrement and nutrients in
different decomposition states within their burrows, which leave
the marsh through phreatic water.

The coupling between benthic and pelagic systems is a critical
component of the nutrient cycling within estuarine systems and
supporting estuarine food web (e.g. Nixon, 1980). This coupling
consists of deposition and subsequent remineralization of organic
matter (with the release of inorganic nutrients) and transport of
dissolved nutrients back into the overlying water column mostly by
benthic fluxes (Jahnke et al., 2003). Several factors control organic
matter degradation in intertidal sediments, including organic
matter chemical composition, decomposition stage, adsorption to
mineral surfaces, bioturbation and environmental conditions such
as temperature and electron acceptor availability (e.g. Keil et al.,
1994; Fenchel et al., 1998). In SW Atlantic intertidal sediments
bioturbated by Neohelice granulata, the high rates of organic matter
degradation (Fanjul et al., 2007) produce high quantities of
remineralized nutrients that are accumulated into the burrows (our
results).

4.3. Marsh filters function affected by crab burrowing

Neohelice granulata generates extensive burrowing beds (e.g.
Iribarne et al., 1997; Botto et al., 2006). While constructing and
maintaining their burrows, crabs excavate large quantities of
sediment (up to 6 kg m�2 d�1) which is deposited on the surface
(Iribarne et al., 1997). This process generates a high value of the
bioturbation coefficient (250 cm2 yr�1; sensu Wheatcroft, 1992;
Fanjul et al., 2007). Moreover, in marshes crabs construct straight,
long vertical tubular burrows up to 1 m depth (up to 40 mm di-
ameter; Iribarne et al., 1997), that directly (bioturbation) and in-
directly (burrow structures) enhance sediment oxygenation (Daleo
et al., 2007; Fanjul et al., 2007). Also, direct measurements of
chemical profiles across N. granulata burrow–sediment interface;
indicate that oxic wall thickness (i.e. the radial distance from the
burrow wall in which oxygen concentration reaches the radially
averaged concentration for bulk sediment at a given depth) at
5 cm depth is 0.875 cm (E. Fanjul, personal observation). Thus, the
large changes on sediment physical characteristics generated by
this crab affect the rates and pathways of organic matter degra-
dation (Fanjul et al., 2007), and are expected to affect microbial
processes and nutrients flows to adjacent systems.

The marsh sediment has generally low permeability, due to very
high clay content (e.g. Botto and Iribarne, 2000). However, it is
known that burrows and galleries may affect sediment permeability
(Meadows and Meadows, 1991) providing an efficient system for
transport of water and solutes to and from the substrate (Stieglitz
et al., 2000). Burrows are real conduits for drainage increasing
sediment permeability (Jones and Jago, 1993; Stieglitz et al., 2000),
while binding substances produced by many burrowing in-
vertebrates may clog the interstitial spaces of the between-burrow
sediment (Frankel and Mead, 1973). At SW Atlantic intertidal sedi-
ments, Neohelice granulata increase sediment porosity (4) both at
surface and depth (mean 4 ¼ 0.555 at bioturbated sediments and
4 ¼ 0.435 at non-bioturbated sediments; E. Fanjul, personal obser-
vation). Since N. granulata does not secrete mucus, but constructs
deep and large burrows, it is reasonable to assume that this crab
increases the sediment permeability. Besides the change in the
permeability of bioturbated sediments, and the enhancement
remineralization of nutrients induced by crab activities and burrow
structures (Fanjul et al., 2007), high quantities of nutrients may enter
the phreatic reservoir via crab burrows. In this way, transport of
dissolved nutrients back into the estuarine water column via phre-
atic water is enhanced by crab activities and burrow presence.
Considering the extensive local and geographic spatial distribution
of the N. granulata crab beds (see Iribarne et al., 2005; Botto et al.,
2006), their high densities and the large size of their burrows (Iri-
barne et al.,1997; Botto and Iribarne, 2000), we anticipate important
consequences on nutrient fluxes at large scale. Thus, our results
show a novel form by which bioturbating organisms can affect
quantitative and qualitatively the export of nutrients from salt
marshes to the open estuarine/coastal waters. Based on those re-
sults, we believe that other species that construct semi-permanent
deep burrows in marshes such as those formed by other crab species
(e.g. Letzsch and Frey, 1980; Bertness, 1985) or ghost shrimps (e.g.
Posey,1986; Posey et al.,1991) may play a role similar to N. granulata.
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