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ABSTRACT 
This research was carried out to investigate the feasibility of using dredged sediment (DS) as the 
additive of silt and clay for artificial tidal flats. A series of experiments conducted in the real 
seashore and in a tidal flat simulator demonstrated that DS could be used for artificial tidal flats. 
Furthermore, the tidal flat simulator experiment showed that the macrobenthos population 
increased with the DS addition. However, use of conditioners made of paper sludge and 
poly-aluminum chloride for DS granulation treatment was associated with a time lag in the 
growth of the macrobenthos: these agents may be released during the course of the experimental 
period. Possible reasons for the increased polychaete and gastropod abundances in the artificial 
tidal flats might be an increase in supplied organic matter and stimulated benthic microalgae 
growth due to the DS addition. Finally, a growth test was carried out for the short neck clam 
Ruditapes philippinarum, which showed that it can grow in artificial tidal flats to which DS has 
been added. Too much DS, however, may suppress its growth. 
 
Keywords: artificial tidal flat, benthic ecosystem, dredged sediment.  
 
 

INTRODUCTION 
In the 1940s, the total area of natural tidal flats in Japan was approximately 82,600 ha. 
By the 1980s, however, about 40% had unfortunately disappeared (Kimura, 1994). In 
recent years, useful functions of tidal flats such as biological production, water quality 
clarification and recreation have been recognized more and more (Miyoshi et al., 1991; 
Kimura et al., 1992; Imamura, 1997; Evans et al., 1998; Ishii et al., 2001; Morrison et 
al., 2002; Tiner et al., 2003; Sakamaki et al., 2006; Magni and Montani, 2006). For 
example, Kimura et al., (1992) compared water quality at the seashore where an 
artificial tidal flat existed, and its offing region. They found that COD in the seashore 
was significantly lower than that in the offing region. This difference in the water 
quality in the investigated area was accounted for by increased capability of the 
artificial tidal flats for degrading organic matter. Benthic organisms have been 
investigated as the cause of the water clarification capability of artificial and natural 
tidal flats (Miyoshi et al., 1991, Imamura, 1997). Because such useful functions have 
highlighted the importance of tidal flats, in 2003 the Japanese government enacted a law 
for the promotion of nature restoration, which charges those engaged in development 
activities in coastal areas with mitigation of damage to or lost of tidal flats. 
 
Artificial tidal flats have been constructed at many sites in Japan (e.g. Imamura, 1997; 
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Hosokawa, 1997; Lee et al., 1997; Lee et al., 1998). However, surveys in Hiroshima 
Bay showed that many of the artificial tidal flats did not have the same physicochemical 
and biological structures as natural tidal flats, and that silt accumulation in the sediment 
is a key parameter for the creation of a natural-like artificial tidal flat (Lee et al., 1997; 
Lee et al., 1998). Bolam and Whomersley (2005) reported a significant relationship 
between silt and clay content and number of macrobenthos species in the constructed 
mudflats. Therefore, to accomplish their purpose (e.g. the recovery of a clam fishery 
and feeding area for birds), construction of artificial tidal flats must establish the 
sediment environment suitable for the benthic ecosystems. 
 
Selection of sediment media for the construction of artificial tidal flats may be the 
primary factor controlling the sediment environment. In the conventional construction 
of artificial tidal flats, dredged sediment (DS) would be used as basement material to 
infill the core, because DS is the waste discharged from harbor management activities. 
The basement material would be covered with sandy media such as mountain or sea 
sands. However, compared with natural tidal flats, the biota appearing in the artificial 
tidal flats constructed by such a method was often poor because of low silt (particles 
with diameter less than 75 µm) content (Lee et al., 1998). Generally, DS mostly consists 
of silt and contains abundant nutrients, such as organic matter, nitrogen, and phosphorus 
(Bruland et al., 2006). This suggests that the DS has a potential to be a good additive for 
the surface of the artificial tidal flat, supplying silt, clay and nutrients for improving the 
tidal flat ecosystem. An essential task is to investigate how DS addition to the sandy 
media affects the emerging tidal flat ecosystems. 
 
This research was carried out to assess the feasibility of using DS as the additive for 
construction of artificial tidal flats. Artificial tidal flats were constructed in a tidal flat 
simulator and at the real seashore using mixtures of DS and sandy sediment media. The 
emerging benthic communities and physicochemical characteristics were analyzed. 
Because the short neck clam Ruditapes philippinarum is one of the most important 
macrobenthic fishery products in artificial tidal flats in Japan, a growth test of R. 
philippinarum was also carried out in DS mixtures. 
 
 
MATERIALS AND METHODS 
Artificial tidal flats in real seashore  
Five artificial tidal flats (E1―E5) with 10 m length, 2 m width, and 1/100 slope were 
constructed in March 2005 in the Tategami area of Ago bay, Mie prefecture, Japan (Fig. 
1). As the sediment media, sea sand and DS both excavated from Ago Bay were used. 
Prior to use, the DS was granulated using various conditioners to make practical 
handling easier. These conditioners were made of: paper sludge (PS, Imai et al., 2006) 
(E1 & E2); gypsum (E4); poly-aluminum chloride (PAC) as well as waste steel slag 
(WSS) (E5). A natural tidal flat (C3) at the same tidal level was chosen as a reference 
for monitoring benthic communities as well as physicochemical characteristics. The 
sediment media used to construct the artificial tidal flats are summarized in Table 1. The 
DS mostly (98%) consisted of silt and clay particles with diameters less than 75 μm. 
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Fig. 1  Location of the artificial and natural tidal flats in Tategami, Ago bay, Mie, Japan. 

 
Table 1  Sediment of artificial tidal flats in real seashore. 

Run E1 E2 E3 E4 E5 

Granulation of 
DS 1.5wt% PS 21.5wt% PS － 5wt% gypsum 2wt% PAC & 

WSS 

Sediment 3:7 
DS*:Sediment 

3:7 
DS*:Sediment Sea sand 3:7 

DS*:Sediment 
3:7 

DS*:Sediment
*Granulated DS as indicated in this table.  
 
Artificial tidal flats in a tidal flat simulator 
In order to verify the results obtained by the real seashore experiments, in April 2005 
artificial tidal flats were constructed in a tidal flat simulator using DS and a sandy 
medium (Fig. 2). Wave and tide conditions in Hiroshima bay (Table 2) were reproduced. 
These artificial tidal flats were of 4.5 m length, 0.8 m width, and 3/100 slope. In this 
trial, PS treated DS, PAC treated DS, and untreated DS were each mixed with mountain 
sand (1.6% silt and clay) to achieve 25% of silt and clay content (Table 3). This silt clay 
content is within the range of values observed in the five artificial tidal flats (E1―E5) 
of the seashore experiment. Mountain sand (MS) was used because of its importance as 
the alternative to sea sand which is of limited availability. Mining of sea sand is 
prohibited in some prefectures in Japan to avoid disturbance of the coastal ecosystems 
(Takeoka, 2002). In addition to these 3 mixtures, a control tidal flat was made using 
natural tidal flat sea sand with 25% silt and clay content obtained from Hiroshima bay, 
Japan. Prior to use, the natural tidal flat sea sand was dried. We inoculated the artificial 
and control tidal flats with benthic communities collected by sieving through a 1-mm 
mesh sieve a 10 cm depth core (0.4 m2 surface area) from a natural tidal flat in 
Hiroshima Bay, Japan. 
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Benthic ecosystems 
We chose as indicators benthic microalgal growth and the species diversity and 
abundance of macrobenthos emerging in the artificial tidal flats. These are both 
important components of the benthic ecosystem. Benthic microalgae are primary 
producers in tidal flats (McConnaugley & McRoy, 1979; Herman et al., 1999; Posey et 
al., 2006). Macrobenthos are near the bottom of the food web, providing food for large 
crustaceans, fish and birds (Day et al., 1989; Evans et al., 1998), and also play a role in 
water purification by the tidal flats (Herman et al., 1999; Magni and Montani, 2006). 
Certain bivalves, such as clams, form fisheries (Ishii et al., 2001). To survey the 
emerging macrobenthos, we periodically sampled the artificial tidal flat with sediment 
core samplers: 25 cm × 25 cm × 25 cm for the real sea shore and 10 cm × 10 cm × 10 
cm for the tidal flat simulator. We sieved the sediment sample through a 1-mm-mesh 
screen and preserved the retained macrobenthos in 10% formalin. The specimens were 
then identified by microscopic observation to the lowest practicable taxonomic level. 
Benthic microalgal biomass in a 1-cm-thick surface layer was measured using the 90% 
acetone extraction method (SCOR/UNESCO, 1966). 
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Fig. 2  Schematic view of the tidal flat simulator. 

 
Table 2  Operating conditions of the tidal flat simulator. 

Wave period 0.8 s 

Wave height 10 mm 

Tidal amplitude 40 cm 

Tidal period 12 h 

 
Table 3  Sediment of artificial tidal flats in the tidal flat simulator. 

Run Control MS/UT-DS MS/PS-DS MS/PAC-DS 
Granulation of 

DS － Untreated 1.5wt% PS 2wt% PAC 

Sediment Sea sand Mixture of MS 
and DS* 

Mixture of MS 
and DS* 

Mixture of MS 
and DS* 

*Untreated or granulated DS as indicated in this table.  
 
Sediment environment 
To understand the relationship between the benthic ecosystems and the sediment 
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characteristics influenced by the addition of DS, we characterized the sediment 
environment with the following parameters: oxidation–reduction potential (ORP); 
hydraulic conductivity; particle size distribution; ignition loss; total and available 
nitrogen and phosphorus contents. The vertical profile of the ORP was measured by 
inserting electrodes into the artificial and control tidal flats, while a falling-head 
permeameter (DIK-4050, Daiki Rika Kogyo, Japan) was used to determine hydraulic 
conductivity of sediment. Particle size distribution and ignition loss of the sediment 
were analyzed according to Japanese Industry Standards (JIS)-A1204 and A1226, 
respectively. In accordance with JIS-A1204, we pretreated the sediment samples with 
30% hydrogen peroxide to break up sediment aggregates, and then wet sieved them 
through 75 μm, 106 μm, 250 μm, 425 μm, 850 μm, and 4750 μm mesh sieves. We 
determined total nitrogen in the sediment samples by the Kjerdahl nitrogen 
neutralization titration method after degradation of organic matter in the sediment with 
96% sulfuric acid. For the measurement of total phosphorus, we treated the samples 
with 65% nitric acid and 60% perchloric acid, and then determined total phosphorus by 
the molybdenum blue method (MOE, 1996). Available phosphorus was determined as 
acid extractable phosphorus using Truog’s method (Truog, 1930) in which phosphorus 
was extracted with 0.002N sulfuric acid, followed by determination using ammonium 
molybdate, antimony potassium tartrate, and ascorbic acid. 
 
Growth of a short neck clam 
The short neck clam, Ruditapes philippinarum, was cultivated in mixtures of untreated 
DS and mountain sand to investigate the effect of DS addition to the sandy medium on 
its growth. Since a preliminary experiment suggested that too much silt and clay content 
was not good for the growth of R. philippinarum (data not shown), we decided to use 
mixtures of mountain sand and DS giving 5% and 10% silt and clay content. We placed 
5 cm depth of these mixtures into 10 L aquaria into which sand-filtered seawater flowed. 
30 individuals of R. philippinarum with about 12 mm of shell length were inoculated in 
these. During the experimental period (3 months), we monitored numbers of surviving 
individuals and their shell length. 
 
 
RESULTS AND DISCUSSION 
Macrobenthos in the artificial and natural tidal flats in the real seashore 
Figure 3 shows the observed variation in the macrobenthos population in the 5 artificial 
tidal flats and the natural tidal flat. The abundance of macrobenthos in the 5 artificial 
tidal flats increased after May 28 and finally exceeded that in the natural tidal flat. This 
indicates the migration of macrobenthos into the 5 artificial tidal flats and/or growth of 
macrobenthos in the sediment media. Among the 4 artificial tidal flats to which DS was 
added, E4 (containing the gypsum-treated DS) showed a relatively low population. The 
macrobenthos abundances in the other 3 artificial tidal flats constructed using PS- and 
PAC-treated DS (E1, E2, and E5) were comparable to that in E3 as well as the natural 
tidal flat (C3). Also, the distribution of gastropods, polychaetes and bivalves was 
consistent in the artificial and natural tidal flats. These results indicate that DS can be 
used as an additive to the sandy medium for construction of artificial tidal flats. 
 
It should be noted that the macrobenthos population in E3 became higher than C3, even 
though E3 was constructed using natural sea sand obtained from Ago bay. One possible 
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Fig. 3 Variation in the emerging macrobenthos population in the 5 artificial (E1―E5) and 

natural (C3) tidal flats constructed in March 2005 in Tategami, Ago bay, Japan. The 
value indicates the average (n=2). 

 
reason may be the difference in silt and clay content. As shown in Table 4, the silt and 
clay content in E3 was about 15-30%. Although the silt and clay content (64%) in C3 
was measured only once during the experimental period, an additional measurement 
carried in 2006/9 showed 67.3% of silt and clay content in C3. This indicates that too 
much silt and clay might possibly have a negative impact on the macrobenthos 
population. The silt and clay content in the other four artificial tidal flats varied to some 
degree. For example, the highest value in E5 was 26.0%, whereas the lowest one in E1 
was 33.3%. Due to this inconsistency, we could not evaluate the effects of different 
granulation agents on macrobenthos population. 
 
Another possible reason for the difference of macrobenthos population between E3 and 
C3 may be high numbers of invisible larvae and eggs of macrobenthos in the sediment 
media used for the construction. Although the observation on May 28 showed quite low 
macrobenthos population, invisible larvae and eggs were not measured. 
 
Table 4  Silt and clay (< 75 μm) content [%] of the sediment samples in the artificial and 

natural tidal flats. 
Time E1 E2 E3 E4 E5 C3 

2005/4 35.6 28.0 16.9 36.1 25.7 NAa 

6 45.1 22.6 28.8 26.3 19.3 64.1 

10 33.3 20.0 15.2 23.4 20.3 NAa 

2006/2 43.6 43.3 29.1 45.8 26.0 NAa 
aNot available 
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The results supported the use of DS as an additive to a sandy medium for construction 
of artificial tidal flats. However, due to the variation in silt and clay content between 
E1-E5 and C3, further investigation is still needed to reveal the effects of granulated DS 
addition on the macrobenthos population.  
 
Macrobenthos in the artificial tidal flats in the tidal flat simulator 
We constructed 3 artificial tidal flats with 25% silt and clay content using the mixture of 
mountain sand (MS) and PS treated, 2wt% PAC treated, or untreated (UT) DS 
respectively, and used natural sea sand for a control tidal flat. As shown in Fig. 4, the 
silt and clay content of the three artificial tidal flats was successfully adjusted to 25%, 
although the control tidal flat contained a greater medium sand fraction. 
 
A reduction zone developed beneath the surface of the control tidal flat as well as all 
artificial tidal flats (regardless of the granulation treatment of the DS) (Fig. 5). The 
ignition loss of sediment samples of these control and artificial tidal flats were 2.8% and 
4.0—5.4% respectively, while that of the MS itself was 0.95%. This confirmed that the 
addition of DS resulted in enrichment of organic matter. However, the hydraulic 
conductivity in these tidal flats 5 months after construction was almost same: 1.3 x 10-5 
cm/s in the control tidal flat and about 1.0 x 10-5 cm/s in the artificial flats. These values 
may account for the occurrence of a reduction zone in the artificial and control tidal 
flats. 
 
It should be noted that changes over time in the hydraulic conductivity were observed in 
the artificial tidal flats to which PAC-DS and PS-DS were added. Although the value 
after 5 months of the construction was about 1.0 x 10-5 cm/s as mentioned before, the 
hydraulic conductivity soon after the construction was 7.5 x 10-5 cm/s for the mixture 
MS/PAC-DS and 1.1 x 10-4 cm/s for the mixture MS/PS-DS. When UT-DS was used, 
the value was consistent at 9.9 x 10-6 cm/s. This suggests the possible diffusion of PAC 
and PS during the experimental period. 
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Fig. 4  Cumulative particle size curves of the sediments in the artificial and control tidal flats. 
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Fig. 5  Vertical profile of ORP in the control and artificial tidal flats. The values in the legend 

indicate the silt content.  
 
Figure 6 shows variation in macrobenthos abundance. This was lowest in the control 
tidal flat and almost steady during 159 days of experimental period. Furthermore, two of 
the artificial tidal flats attained abundances greater than 40 ind./0.01 m2, being more 
than twice that of the control tidal flat. This result confirmed the feasibility of using DS 
as the additive to sandy media for increasing the macrobenthos population. Since the 
experimental conditions were different, we could not compare in detail this result with 
that obtained in the real seashore experiment. However, both experiments consistently 
indicate that DS could be used as a silt and clay source for construction of artificial tidal 
flats. 
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Fig. 6  Variation in the population of macrobenthos emerging in the control and artificial tidal 

flats with 25% of silt-content. 
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Although the macrobenthos abundance increased after 11th May in the artificial tidal flat 
to which UT-DS was added, where PS-DS and PAC-DS were used, the population did 
not increase till 20th July. As mentioned before, the measurements of hydraulic 
conductivity indicated the possible diffusion of PS and PAC during the experimental 
period. Possibly PAC and PS themselves and/or the granulated figuration might be the 
cause of this delay, and PAC-DS and PS-DS might act as UT-DS after diffusion of these 
agents. 
 
The greatest abundance of macrobenthos was observed in the artificial tidal flat to 
which UT-DS was added (72.3 Ind./0.01 m2), the dominant species being the 
polychaetes Ceratonereis erythraeensis (17.0 Ind./0.01 m2) and Capitella sp. (14.4 
Ind./0.01 m2) and a gastropod Batillaria cumingii (26.0 Ind./0.01 m2). Together these 
accounted for about 80% of the total abundance of macrobenthos. Furthermore, the 
dominance of these species was consistent in the three artificial and control tidal flats 
(data not shown). 
 
Effect of DS addition on benthic ecosystems 
Organic matter in a tidal flat provides a substrate for certain microorganisms and 
macrobenthos (Brown and McLachlan, 1990; Herman et al., 1999). Ignition loss 
measurements showed that the addition of DS to MS resulted in the enrichment of 
organic content in the artificial tidal flats. Furthermore, greater benthic microalgal 
growth was observed in the artificial tidal flats to which DS was added compared with 
the control (Fig. 7). 
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Fig. 7  Changes in chlorophyll a in the artificial tidal flats. Bars indicate standard deviation 

(n=3)* and differences between the average and measured value (n=2)**. 
 
The polychaetes C. erythraeensis and Capitella sp. were two of the three dominant 
species in the artificial tidal flats in the tidal flat simulator (Fig. 6). Polychaetes are 
commonly occurring species that feed on particulate organic matter (Brown and 
McLachlan, 1990), and the abundant organic matter and higher concentration of benthic 
microalgae in the artificial tidal flats would be the main factors supporting the high 
macrobenthic biomass. The gastropod B. cumingii was also a dominant species in the 
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artificial tidal flats. Certain species of Batillariidae are known to utilize microalgae on 
the substrate. Measurement of chlorophyll a on the surface of the artificial tidal flats 
confirmed that addition of DS stimulated benthic microalgal growth. This suggests that 
B. cumingii dominance was caused by the stimulated benthic microalgal growth. It has 
been reported that nutrient addition to sediment in an experimental sediment plot 
resulted in stimulated growth of a gastropod Hydrobia sp. as well as benthic microalgae, 
and a temporal increase in Hydrobia sp. abundance (Posey et al., 2006). 
 
Possible causes for the stimulated benthic microalgal growth are the abundant nutrients 
and trace elements in the DS. In fact, increases in the total nitrogen and phosphorus in 
the sandy sediment medium by addition of DS were confirmed, though trace elements 
were not analyzed. For example, the total nitrogen and phosphorus concentrations in 
MS were 9.4 μg-N/g and 210 μg-P/g, while the respective values in DS were 220 
μg-N/g and 360 μg-P/g in DS. 
 
The nitrogen:phosphorus ratio of plankton in the oceans is empirically known to be 
approximately 16:1 by atoms (the Redfield ratio) (Goldman et al., 1979). Here, the total 
phosphorus in MS was much higher than the total nitrogen. We can hypothesize that it is 
the enrichment of nitrogen by the addition of DS which is the factor stimulating benthic 
microalgal growth. Total nitrogen and phosphorus includes the fraction unavailable to 
benthic. According to the Truog’s method, the amount of available phosphorus of MS 
was determined to be 48.68 μg-P2O5/g (0.44 μmol-P/g). To avoid nitrogen limitation, 
available nitrogen in MS should be more than 7.0 μmol-N/g (based on the Redfield 
ratio). Even if the total nitrogen of MS is assumed to be available for benthic 
microalgae, the amount is only 9.4 μg-N/g (0.67 μmol-N/g), which is much lower than 
the threshold for nitrogen limitation. In contrast, the total nitrogen in DS was 220 
μg-N/g (15.7 μmol-N/g), exceeding the threshold. These results support the hypothesis 
that the stimulated benthic algal growth in the artificial tidal flats was due to enrichment 
of nitrogen by addition of DS. 
 
Growth tests of a short neck clam in MS/UT-DS 
Figure 8 shows the changes in the survival and shell length elongation percentages of 
the short neck clam R. philippinarum. It survived in the mixtures of MS and DS as well 
as MS itself, however, its growth was dependent on the mixing ratio of DS. At 5% silt 
and clay, the liability and shell length increase of R. philippinarum were similar to that 
in MS, whereas a lower shell length increase was observed at 10% silt and clay. One 
possible reason for this might be chemical constituents such as sulfides present in DS, 
although these were not analyzed. Although too much DS may suppress the growth of R. 
philippinarum, the result indicates that R. philippinarum can grow in artificial tidal flats 
to which DS is added.  
 
This experiment was carried out on a laboratory scale, and possibly the test system was 
sensitive to the chemical constituents of DS due to lack of tidal wave action. To 
determine the acceptable mixing ratio of DS, further studies should be conducted under 
tide wave action. 
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Fig. 8  Survival and shell length elongation percentages of a short neck clam R. philippinarum 

during the experimental period.  
 
 
CONCLUSIONS 
In this study, artificial tidal flats were constructed in the real seashore and in a tidal flat 
simulator using dredged sediment (DS) as a silt and clay source, and the benthic 
ecosystems were analyzed. Results in both experiments consistently indicated that DS 
could be used for construction of artificial tidal flats, regardless of the granulation 
treatment of DS. Furthermore, the tidal flat simulator experiment showed that the DS 
addition increased macrobenthos abundance. Use of a conditioner made of paper sludge 
and poly-aluminum chloride, however, caused a lag time for the growth of 
macrobenthos, possibly because these agents may be released during the experimental 
period. Possible reasons for the increased polychaete and gastropod abundances in the 
artificial tidal flats might be the enrichment of organic matter and stimulation of benthic 
microalgae by addition of DS. The growth test for a short neck clam showed that R. 
philippinarum can grow in artificial tidal flats to which DS is added, although too much 
DS may suppress its growth. The data presented here indicates that DS may be a good 
sediment additive for the construction of artificial tidal flats. 
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