


Mud shrimp ecosystem engineering 1913

Fig. 1.
plots used in the experiments.
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All shrimp collected in core samples were measured for
carapace length (CL), which is a good predictor of shrimp
size (Dumbauld et al. 1996). Biomass for shrimp in core
samples was determined from a regression of CL to dry
weight (dry wt) for U. pugettensis collected at several
locations throughout Yaquina estuary:

n—91) 1

Dry wt (mg)—0:048 | CL*'*® (mm)

(R?—0:91, n—340) 2

Based on these initial surveys, we defined four density
treatments for U. pugettensis populations on Idaho Flat:
High, Mid, Low, and No shrimp ( 350, 150-250, 50-100,
and 5 burrow holes m 2, respectively). Three replicate
200-m2 plots were identified for each density treatment
(Fig. 1). Idaho Flat was divided into three sections (i.e.,
replicates) and one plot of each density treatment was
established in each section (i.e., four total plots per section,
12 plots in all) based on the preliminary sampling described
above. Plots were selected such that all had similar
intertidal elevations and were accessible by foot and boat.
By this design, we sought to distribute replicates for each
treatment broadly across the tide flat while minimizing
variation in habitat characteristics (i.e., elevation, sediment
type, temperature, salinity) among all plots.

Polyester resin casts of 12-13 haphazardly selected U.
pugettensis burrows from High, Mid, and Low plots, made
in June-September 2002, were used to estimate burrow
volume and surface area. Polyester resin (SilmarHSIL66BQ-
249A) was mixed with catalyst (methyl ethyl ketone
peroxide) at 100: 1 ratio, poured into burrows at low tide,
allowed to harden for 24 h, and the resulting casts were
excavated manually (Atkinson and Chapman 1984). Burrow

Map of Yaquina Bay and Idaho Flat with locations of the replicate shrimp density

volume and surface area for each burrow were estimated as a
function of the average burrow diameter (based on 7-14
measurements per cast) and total burrow length.

Sediment characteristics of density plots—Sediment char-
acteristics (total organic carbon [TOC], porosity, and grain
size) were quantified using 6-12 replicate cores (9.5 cm inner
diameter, 50 cm long) from each of the study plots. Three
replicate cores were collected and sectioned into 0-5-, 5-10-,
10-20-, 20-30-, and 30-40-cm intervals for TOC analysis. OC
content of sediment samples were measured in milligram-
quantity subsamples of ground material weighed into
precombusted (500uC for 3 h) silver pans after acidification
with 2mol L ! HCI to remove carbonates. Oven-dried
samples were analyzed using a Carlo Erba EA 1108 elemental
analyzer using acetanilide standards. Porosity was deter-
mined in the 0-5-, 5-10-, 10-15-, 15-20-, 20-30-, and 30-40-
cm intervals of cores used in the tube incubation experiment
(described below). Grain size in the study plots was quantified
in the 0-5-, 5-10-, 10-20-, 20-30-, and 30-40-cm intervals of
three replicate cores from each density plot using a com-
bination of laser diffraction particle size and sieve analyses
(Poppe et al. 2000). Sediment samples were pre-sieved through
2-mm and 850-um sieves to remove large particles (e.g., woody
debris) and ensure remaining sample could be analyzed using
the laser diffraction particle analyzer. None of the samples had
particles 2 mm and the weight of samples retained on the
850-um sieve was always 1% of the total sample. The
remaining portion of the sample was dried at 40uC,
homogenized, and organic matter was removed using a 30%
(v/v) solution of H,O, slowly diluted with deionized-distilled
water (DI) to a final concentration of 6%. Re-dried samples
were then soaked in a dispersant solution (35.7 g of (NaPOs)g
[sodium hexametaphosphate] and 7.94 g of Na,COs per liter
of DI) overnight before analysis of particle size spectra using a
Coulter Counter (Coulter/Beckman LS 100Q). Grain size data
were analyzed using the GRADISTAT distribution and
statistics program (Blott and Pye 2001).
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Fig. 2. Measured (points) and modeled (lines) SCO, reaction rate (Rc, umol cm 3 sediment

d 1) in sediments from each of the shrimp density treatments. SCO, reaction rate data (R , Ry, &)
and integrated reactive organic carbon flux estimates (Jc, mmol m 2d 1) are listed for each

density treatment.

sediments ( 20 cm), implying deeper penetration of
reactive OC in these density treatments. Reactive OC
fluxes from the incubations ranged from 45 to 79 mmol
m 2d !, with fluxes 58-75% higher associated with the
Mid- and High-density plots relative to plots without U.
pugettensis. Gross ammonium production rates showed
similar patterns to those found for SCO, production
(Fig. 3). Carbon to nitrogen reaction stoichiometry
(Rscoz : Rnaza k) 1n the incubations was similar among
the density treatments (5.6 6 3.1) and was close to the
predicted Redfield ratio of fresh algal material (6.6).

Benthic fluxes—In general, influxes (e.g., oxygen) and
effluxes (e.g., inorganic N and DRP) of solutes increased in
all shrimp density treatments relative to plots without
shrimp (Table 3). The magnitude of the effect of shrimp
density on benthic fluxes varied from barely detectable
(e.g., DRP) to 15 times enhancement (total DIN) in the
High-density shrimp plots. Clear increases with increasing
burrow density were found for all solutes measured except
for DRP, where increased fluxes were only detected in the
High-density plots.

Empirical relationships between shrimp population
parameters (burrow density, shrimp density, biomass) and
benthic fluxes were best described using linear (oxygen,
NOy) or exponential (NHZ, DIN) models (Table 4).
Benthic oxygen uptake increased 5-fold with increasing
burrow hole density (Table 3, Fig. 4) and dry-weight
biomass. This was the only solute that showed a strong

relationship to shrimp biomass (Table 4). Total DIN fluxes
were dominated by ammonium efflux, which increased
exponentially with burrow hole density (Tables 3, 4;
Fig. 5A,C). NO, flux patterns switch between a net uptake
in low shrimp densities (100 burrow holes m 2) to net
efflux at higher densities (Fig. 5B), indicative of stimulated
nitrification at higher shrimp densities. In addition, NOy
fluxes were proportionally more important in high shrimp
densities where they can account for almost 50% of the
total DIN flux from sediments to the overlying water
(Table 3; Fig. 5). In contrast to burrow hole density and,
for oxygen, biomass, benthic fluxes were poorly predicted
from the number of shrimp in the chamber experiments
(Table 4). There was more scatter in the data from the
geometric mean regressions of ammonium and total DIN
fluxes with shrimp density relative to other shrimp
population parameters (e.g., burrow hole density; Table 4;
Fig. 5). The low magnitude and high variability of the DRP
fluxes precluded their use in these analyses.

The aerobic respiration of organic material (oxygen uptake
flux) was assumed to produce 1 mol of CO, for every mole of
oxygen taken up by the sediments (i.e., respiration quotient of
1.0; Hopkinson and Smith 2005) to investigate the stoichi-
ometry of the fluxes observed in our study. The ratio of
SCO,: DIN fluxes (6.8) was not significantly different from
the expected Redfield ratio of 6.6 (t-test, t  0.26, p  0.80)
although  50% of the data plotted above (i.e., N-poor) this
ratio (Fig. 6). In contrast, the DIN : DRP flux ratio (10.5) was
significantly lower than the expected ratio of 16, indicative of
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Fig. 8. Mean (6SD) pore-water DRP (DRP) in the shrimp density treatments. Lines

connecting points were added to improve viewing. Note the logarithmic scale for the DRP
concentration axis. The dashed vertical line is at 24 ymol L 1 P, the mean DRP concentration in
the No-shrimp treatment. The horizontal line represents the sediment-water interface. Data
above this line represent water column values collected and measured during peeper deployments
(n  5-7 per replicate plot). The solid horizontal line is at 30 cm; depths shallower than this line
show the greatest bioirrigation effect on pore-water concentration (see also Figs. 7, 9).

The results of this study demonstrate that the presence
and density of U. pugettensis burrow systems increase
benthic respiration rates (see Density-dependent effects on
organic matter decomposition and carbon cycling; Fig. 4),
affect the magnitude and form of inorganic nitrogen fluxes
across the sediment—water interface (see Density-dependent
effects on nitrogen cycling; Table 3; Fig. 5), and influence
nutrient pore-water concentrations in the sediments of
Idaho Flat (see Density-dependent effects on nitrogen
cycling; Figs. 7-9). The observed density-dependent effects
of shrimp populations on biogeochemical patterns show
the strongest statistical relationships with burrow hole
density, a proxy for burrow system density, rather than
measurements of shrimp population parameters (i.e.,
biomass and shrimp density; Table 4). Below we discuss
several characteristics of U. pugettensis burrow systems and
note the differences between shrimp burrows and surface
and/or ambient sediments which may in part account for
the observed geochemical effects.

First, the geometry and surface area of mud shrimp
burrows increase the potential oxygenated surface arca
available for microbial communities and solute exchange.
U. pugettensis construct vertically oriented Y-shaped

burrows composed of two sections: a U portion to 20-30-
cm depth and a bottom shaft to depths 50 cm in the
sediment (Fig. 9; Swinbanks and Murray 1981, T. H.
DeWitt unpubl.). The simple U- to Y-shaped geometry
observed for U. pugettensis is commonly observed for
upogebiids and is usually attributed to the dominant
suspension feeding mode for this group of thalassinid
shrimp (Nickell and Atkinson 1995). The role of the
bottom shaft is poorly understood but is likely a refuge
from predation (Atkinson and Taylor 2005). Thalassinid
burrows are large relative to the size of the occupants, and
the increased surface area available for diffusive exchange
will in part determine their effect on overall solute
exchange. We estimated the areal burrow volume (L
burrow water m 2 tide flat), percentage of sediment volume
composed of open burrow lumen and associated burrow
water (m3 burrow water m 3 sediment), and increased
surface area due to shrimp burrows (m2? burrow wall m 2
tide flat) in our density plots using the mean volume and
surface area of shrimp burrows from the resin casts (see
Shrimp density plots above) and the mean shrimp density
from Table 1 (Table 5). Sediment volume composed of
burrow water (i.e., “open’ diffusion as opposed to pore-
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Fig. 9. Example pore-water (A) ammonium and (B) DRP

concentration patterns with depth in High-density plots compared
with profiles in No-shrimp plots. The general structure and
vertical dimensions of U. pugettensis burrows on Idaho Flat are
shown next to the plots.

water diffusion) increased from 1% in the Low-density
plots to  11% of the total sediment volume. Similarly,
burrows increased the surface area of the sediment from 1.5
to almost 15 times relative to the tide flat surface alone.
This increased surface area is high relative to typical
estuarine benthic communities (up to 5 times; Welsh 2003)
and highlight the potential for the burrow walls as
important sites for geochemical activity, particularly in
areas with high densities of shrimp.

Second, the sedimentological composition and organic
matter availability in U. pugettensis burrow walls differs
from ambient sediments. The inner walls of U. pugettensis
burrows are typically lined with mud and mucus (Swin-
banks and Murray 1981). However, it is unclear whether
the sediment grains composing this lining are simply from
ambient sediments or combined with finer sediments
filtered from the overlying water. Our sediment property
measurements did not target the burrow lining specifically
but the bulk measurements showed decreasing mean grain
size with increasing burrow density, mostly due to a 50%
increase in the silt fraction (Table 2). It is not possible from
our study to determine whether this increased silt fraction is
due to preferential selection of sediments with high silt

Table 5.

to shrimp burrows (m2 burrow wall m 2 tide flat). Calculations used volume (719 6 154 cm?3 burrow 1, n
13) measurements from resin casts of U. pugettensis burrows on Idaho Flat. Extrapolations assume one burrow
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Fig. 10. N:P stoichiometry for pore-water data in (A) upper

sediment column ( 30 cm) and (B) lower sediment column
( 30 cm) based on geometric mean regressions of dissolved
inorganic nitrogen (DIN) and dissolved reactive phosphate (DRP)
concentration data. Ratios are expressed as slope 6 95%
confidence intervals. The estimated ratio in the shallow portion
of the sediment ( 30 cm) was significantly different from the
estimated N : P ratio of the samples deeper than 30 cm (t-test, t
348, df 70, p  0.001). The dashed lines represent expected
N:P ratio assuming Redfield stoichiometry of algal material
(16: 1).

fractions by mud shrimp or whether they may be
incorporating finer particles into sediments on Idaho Flat.
The physical properties of sediments are also affected by
the presence of U. pugettensis burrows showing increased
porosity (Table 2) and decreased permeability (Waldbusser
and Marinelli 2006). The ecology of mud shrimp also
provides labile organic substrates for microbial communi-
ties in burrow walls. TOC content is higher in U.
pugettensis burrow linings (R. K. Thompson unpubl.; see
fig. 13.6 in Aller 1988) due at least in part to mucus

Estimated burrow volume m 2, percentage of sediment volume composed of burrow water, and increased surface area due

12) and surface area (930 6

system per shrimp in the density plots using mean shrimp density from Table 1 and standard deviations of composite variables (volume,
% sediment volume, increased surface area) include propagation of error (Sokal and Rohlf 1995).

Burrow volume (L burrow

Density plot No. burrows water m 2 tide flat)

Percent of sediment volume
(m3 burrow water m 3 sediment)

Increased surface area (m?
burrow wall m 2 tide flat)

None 0.8 0.5861.0

Low 15.9 11.4613.7
Mid 53.1 38.2629.3
High 160.0 115.1626.0

0.0660.1 0.0860.13
1.161.3 1.561.7
3.862.9 4.963.8

11.562.6 14.963.3
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Table 6. Estimates of fauna-mediated carbon remineralization in the field studies and the proportion of total benthic respiration
accounted for by U. pugettensis metabolism. Ratios of total benthic respiration (benthic chamber oxygen fluxes converted to carbon
equivalents assuming a respiration quotient of 1.0) to carbon remineralization estimated from the tube incubations (see Fig. 2) represents
fauna-mediated carbon remineralization. Shrimp respiration fluxes were calculated using shrimp biomass in each chamber converted to
wet weight and published metabolic rates of Yaquina Bay U. pugettensis (Thompson and Pritchard 1969). These values were compared
with total carbon remineralization measurements to estimate the proportion of total and fauna-mediated carbon flux accounted for by
shrimp metabolism. Fluxes are expressed as mmol m 2d 1.

Total carbon Incubation carbon % enhanced

Density remineralization remineralization Ratio Shrimp respiration % total C flux C flux
plot (mean6SD) (mean estimate) (mean6SD) C flux (mean6SD) (mean6SD) (mean6SD)
None 40.9623.9 452 0.960.5 0.260.5 0.660.5 n/a
Low 97.4649.8 56.1 1.760.9 2461.0 3.363.0 5.461.8
Mid 114.8660.3 71.4 1.660.9 2.763.2 2.162.2 5.565.9
High 225.7652.0 79.2 2.960.7 5.661.6 2.660.9 43619

responsible for the geochemical patterns we observed in
these experiments.

The differences between remineralization rates measured
in closed, tube incubation experiments and the in situ
benthic chambers is likely due to shrimp irrigation of
burrow structures. Active ventilation of burrows (bioirriga-
tion) by benthic infauna increases remineralization rates of
OC, stimulates microbial growth rates, and accelerates
pore-water flushing of metabolites and nutrients from the
seabed (Kristensen and Kostka 2005). The relative magni-
tude of enhanced remineralization due to bioirrigation is
often expressed as the ratio of total oxygen uptake,
typically measured using benthic chambers, and diffusive
oxygen uptake estimated from oxygen micro-profiles. In
shallow-water environments, this ratio can be as high as
34, emphasizing the potential effect macrofaunal respira-
tion and irrigation activities can have on total benthic
carbon remineralization (Glud et al. 2003; Meile and Van
Cappellen 2003). We estimated the relative importance of
shrimp irrigation activity on carbon turnover using the
ratio of total benthic respiration from the benthic chamber
deployments to carbon remineralization rates measured in
the tube incubations; oxygen uptake rates in the chamber
experiments were converted to carbon equivalents assum-
ing a respiration quotient of 1.0 (Hopkinson and Smith
2005; Middelburg et al. 2005).

The mean fauna-mediated carbon ratios in our study
ranged from 0.9 in the plots without shrimp up to 2.9 in the
High-density plots (Table 6), with values 1 in all shrimp
plots. Thus, closed incubation estimates of carbon remin-
eralization on this tide flat tended to underestimate in situ
carbon fluxes, particularly in areas with high densities of U.
pugettensis.

Enhanced benthic oxygen uptake in bioturbated sedi-
ments is due to both respiration by infauna and stimulated
microbial activity in burrow walls. The relative importance
of infaunal respiration depends on the abundance, activity,
and metabolic rate of individual species. Although U.
pugettensis are active suspension feeders, the respiration
rate of this species is fairly low (1.4 mL O, gwet wt 1d 1I;
Thompson and Pritchard 1969) and aerobic respiration is
maintained even during hypoxic conditions within their
burrow systems. Despite high U. pugettensis biomass in the
chamber experiments (Table 1), shrimp respiration ac-

counts for only 4-6% of the enhanced carbon flux
measured (Table 6), with the remainder likely due to
increased microbial activity associated with burrow walls.
Although the proportion of benthic respiration in this
study ascribed to shrimp metabolism is low, our results are
consistent with both the observation that thalassinid
metabolic rates are low relative to other crustaceans (See
review by Atkinson and Taylor 2005) and other studies that
have noted that microbial activity accounts for a large
portion of the increased oxygen consumption in biotur-
bated sediments (Glud et al. 2003; Webb and Eyre 2004;
Kristensen and Kostka 2005).

The range of benthic respiration rates measured on
Idaho Flat covered an order of magnitude (26-296 mmol
O, m 2d I; Fig. 4) and were comparable to or greater
than rates found in other temperate estuaries (Giblin et al.
1997; Hopkinson and Smith 2005). There are a number of
interacting factors that have been invoked to explain
variation in observed benthic respiration rates in shallow-
water systems, including temperature (Banta et al. 1995;
Eyre and Ferguson 2005), timing and deposition of reactive
organic material (Graf et al. 1982; Hansen and Blackburn
1992; Giblin et al. 1997), and benthic infaunal activity
(Glud et al. 2003). However, these factors are typically used
to explain differences in seasonal benthic respiration rates
and within a given season vary less than between seasons.
There are several characteristics of the field sites that
reinforce our conclusion that this spatial variability in
benthic respiration is driven by shrimp burrow density.
First, the study plots were located at the same tidal height
across the tide flat, reducing any plot-to-plot differences in
temperature. Second, primary production on Oregon tide
flats in the summer is dominated by benthic microalgae
(Davis and Mclntire 1983) and macroalgae (Pregnall and
Rudy 1985) and represents a relatively constant source of
labile organic matter to tide flat sediments. Although some
site-to-site variability in benthic production is expected, to
a first order the magnitude of benthic algal production is
controlled by tidal height (i.e., fluctuations in light
exposure, temperature, water content) (Davis and Mclntire
1983; Pregnall and Rudy 1985). Even given these poten-
tially complicating variables, 80% of the variability in
measured benthic respiration rates can be explained from
U. pugettensis burrow hole density alone, emphasizing the
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water DIN inventory in top 30 cm of sediment pore waters (mmol m 2; Table 8) and net fluxes of DIN across the sediment-water
interface (mmol m 2 d 1; Table 3). Symbols for diagram courtesy of the Integration and Application Network, University of Maryland

Center for Environmental Science (ian.umces.edu/symbols).

sis burrow systems provide all of these attributes. The
burrow densities observed in the Mid- and High-density
plots increase the surface area available for nitrifying
bacteria 5-15 times (Table 5). Active irrigation of these
burrows supply oxygen to depths of 30 cm or more into the
sediment and burrow water is often oxygenated at levels
above the minimum necessary for nitrifiers (1-6 ymL 1;
Henriksen and Kemp 1988) even when burrows are
exposed at low tide (Thompson and Pritchard 1969). Based
on the net nitrate effluxes measured in situ, we estimate that
nitrification in burrow walls alone can account for 5-16%
of the enhanced benthic respiration measured in our
experiments, assuming a molar stoichiometric ratio of 2
O, consumed : 1 NH 7 oxidized (Table 8; Christensen and
Rowe 1984). This underestimates in situ rates of nitrifica-
tion because it excludes loss of nitrate via denitrification
pathways in burrow wall sediments.

Although we did not directly measure denitrification in
these experiments, the C: N ratio of net benthic fluxes were

generally higher than both the Redfield prediction and the
expected ratio based on the incubation C:N ratio. In
addition, the observed DIN:DRP flux (10.5; Fig. 6) and
pore-water (7.8; Fig. 10) N:P ratios were significantly
lower than the expected Redfield ratio of 16. This is likely
an underestimate because phosphate release is coupled to
redox state in the sediments and strongly coupled to Fe-
oxides in the sediments (Krom and Berner 1981). Thus, it is
likely that denitrification could be an important sink for
nitrogen in intertidal sediments of Yaquina Bay, especially
in areas with higher densities of U. pugettensis. This is not
surprising because denitrification in burrow walls is
typically enhanced relative to ambient sediments (Kristen-
sen et al. 1991; Gilbert et al. 2003) and recent work with
thalassinid shrimp has shown denitrification rates up to 4
times greater than sediments without shrimp (Howe et al.
2004; Webb and Eyre 2004). A crude estimate of
denitrification (D, potential denitrification) was calculated
stoichiometrically using the formula D [Cpu/(Rc: Ry)]
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Fig. 12. Spatial distribution of U. pugettensis burrow density

(m 2), total DIN flux (mmol m d '), and CO, flux (mmol
m 2d 1) on Idaho Flat.

(Fig. 12). Burrow densities were converted to geochemical
fluxes using the density-dependent equations in Table 4,
and similarly interpolated to produce maps of CO, and
DIN flux for Idaho Flat (Fig. 12). These maps demonstrate
the large spatial variability in C and N fluxes across the flat
and how the direction and magnitude of the fluxes is
strongly affected by the distribution and abundance of U.
pugettensis. Using ArcGISE, the interpolated burrow
density data were classified into five ranges corresponding
to the burrow densities used in the experimental plots (plus
an additional intermediate-density range), and integrated
to determine the area occupied by each burrow density
class. Median burrow density for each class was multiplied

Table 9.
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by the area occupied and by density-dependent geochem-
ical flux equations (Table 4) to estimate the proportional
contribution of each burrow density class to each
geochemical flux budget (Table 9). For each element, the
enhancement of fluxes associated with each burrow density
class was then determined by subtraction of the flux
associated with the No-shrimp areas. Taken in total, the
population of U. pugettensis on Idaho Flat enhanced
carbon effluxes by 1.9 (from 47.9 3 103 mol CO, d ! to
88.5 3 103 mol d 1) and DIN effluxes by 3.7 times (from
1.8 3103 mol Nd !to6.53 103 mol d 1), despite only
covering 50% of the area of the tide flat (Table 9).
Furthermore, the small areas of dense U. pugettensis
populations alone accounted for 30% of C and 40%
of the N turnover for the whole tide flat (Table 9; Fig. 12).
The effects on nitrogen are an underestimate because it
does not include any losses due to denitrification.

Our study demonstrates that mega-infauna, such as
thalassinid shrimp, can act as geochemical ecosystem
engineers in addition to acting as physical ecosystem
engineers (Berkenbusch and Rowden 2003; Siebert and
Branch 2006). Most upogebiid shrimps have similar burrow
structures (Dworschak 1983; Griffis and Suchanek 1991;
Nickell and Atkinson 1995) and bioirrigation behavior
(Koike and Mukai 1983; Astall et al. 1997; Coelho et al.
2000) as U. pugettensis, and those shrimps may similarly
strongly affect carbon and nutrient fluxes, at least at patch
scales. Furthermore, upogebiids occur at high population
density in many coastal ecosystems worldwide, including
South Africa, Sweden, United Kingdom, central and
southern Japan, Brazil, Adriatic and Mediterranean Seas,
and the western Atlantic (7 species) and eastern Pacific (19
species) coasts of North America (Williams 1986; Astall et
al. 1997; Tamaki et al. 2008). It seems quite possible that, in
those ecosystems, upogebiid shrimps may also act as
geochemical ecosystem engineers, significantly enhancing
carbon and nutrient cycling at ecosystem scales.
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Estimated effects of burrowing shrimp on carbon turnover and dissolved inorganic nitrogen fluxes on Idaho Flat in

Yaquina Bay estuary. Areal fluxes were calculated based on modeled fluxes (Table 4) for the midpoint in each density range (burrow
density of 550 used for High-density treatment based on range of field burrow densities in High-density plots) and the areal coverage of
that density on Idaho Flat. Enhanced fluxes were based on the difference between the total areal fluxes and the total areal flux expected if
no shrimp were present (i.e., fluxes equivalent to the No-shrimp plots). Fluxes are expressed as mol d ! for the entire tide flat.

Burrow density Areal coverage* Areal carbon Enhanced Areal DIN Enhanced DIN

Density plot (m 2) (m?) fluxes C flux fluxes flux
None 0-5 579,700 23,710 870
Low 20-160 206,900 20,152 11,690 1124 813
Mid 160-320 85,900 9861 6348 1234 1106
High 320 116,600 26,317 21,548 2698 2523
Total 989,100 80,040 39,586 5926 4442
Very Low 5-20 180,900 8462 1063 542 270
Total for whole tide flat 1,170,000 88,501 40,648 6467 4712

* DeWitt et al. 2004.






