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Abstract

Expansion of the monospecific mangrove, Kandelia obovata,
has converted intertidal mudflats and other habitats into
mangrove forests, thus reducing estuarine biodiversity in
the Danshuei River estuary, northern Taiwan. Dense man-
grove vegetation was removed to create a small patchwork
of mudflats and a tidal creek in February 2007. Subsequent
changes in sediment properties and biodiversity of the
macrobenthos and avian communities were examined. The
results showed that the creation of different habitats led to
changes in sediment properties and biodiversity. The water
content and sorting degree of the sediments differed sig-
nificantly among the restored mudflat, the tidal creek, and
the mangrove control site. Silt/clay, organic carbon content,
and chlorophyll a concentrations varied seasonally, but not
among sites. The abundance of polychaetes in the creek was

greater than that in the mudflat or the mangrove (12.5 vs.
5.3 and 2.2 individuals/m2, respectively), suggesting prefer-
ential colonization of infaunal polychaetes in habitats with
prolonged submersion. Crabs showed seasonal changes in
density, with higher densities in summer than in autumn
and winter. The species richness of wintering shorebirds
on the created mudflat increased dramatically from 2002
to 2007. The transformation of a vegetated area into an
open mudflat appeared to benefit shorebirds by providing
roosting habitat. Our study demonstrated that controlling
the spread of estuarine mangrove forests could increase
biodiversity, and could particularly benefit the migratory
shorebird community.
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Introduction

The importance of mangrove wetland has been well docu-
mented. It is one of the world’s most productive ecosystems,
supporting both terrestrial and aquatic food webs and provid-
ing shelter for both ecosystems (Robertson & Alongi 1992).
Mangrove forests are also important to human societies for
their valuable fishery potential (Robertson & Duke 1990),
their importance as a carbon sink (Twilley et al. 1992), and
through protecting shorelines from erosion; to some extent,
they also reduce the damage caused by tsunami-induced waves
(Kathiresan & Rajendran 2005). However, human reclamation
in coastal areas has rapidly reduced mangrove distributions
worldwide, and there have recently been calls for its protection
and preservation (Valiela et al. 2001).
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Despite threats from human exploitation, mangrove trees
can be aggressive colonizers in estuarine environments, as
they adapt well to brackish waters and hypoxic sediments
(Tomlinson 1986). When mangrove propagules invade a bare
tidal flat, they gradually form dense canopies and outcompete
other types of vegetation. They thus transform diverse habitats,
such as mudflats, tidal creeks, and seagrass beds, into homo-
geneous mangrove forests. As a result, continuous seeding and
expansion of mangroves can severely change the structure and
functions of an estuarine wetland ecosystem. For example,
migratory shorebirds that rely on mudflats for feeding and
resting can lose suitable habitats (Goss-Custard 1985; Burger
et al. 1997). In temperate Spartina marshes, the interactions
among mudflats, vegetation, and shorebirds have been well
documented, and the recovery of mudflat habitat for shore-
bird populations has been demonstrated by controlling the
expansion of Spartina marshes (Goss-Custard & Moser 1988;
Lacambra et al. 2004; Neira et al. 2006; Patten & O’Casey
2007). The negative impact of Spartina on the use of tidal
mudflats by shorebirds and waterfowl suggested that mangrove
dominance would have similar effects.

It seems likely that the major impact of the conversion of
a tidal mudflat system into a mangrove forest system would
involve transformation of both the hydrological regime and
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the biotic communities. These changes include decreased flow
velocity (Lee & Shih 2004), replacement of shorebirds and
waterfowl with tree-dwelling egrets, and diminished benthic
diatom production relative to mangrove litter, as well as a
change in benthic dominancy from polychaetes and amphipods
to crabs (Shao et al. 2001). Despite the significant conse-
quences of such an ecosystem transformation, very few studies
have investigated this issue. Straw and Saintilan (2006) in Aus-
tralia argued that the expansion of mangroves into shorebird
feeding and roosting habitats as a result of sea-level rise and
increased sedimentation could pose a threat to migratory shore-
birds. Another example was found at the Hong Kong Mai
Po Ramsar Site, where the management aimed to maintain
the tidal flats and their associated biodiversity by removing
mangrove seedlings (WWF Hong Kong 2006). Restoration
of mudflats within mangrove swamps is worth implementing,
where mangroves monopolize estuarine habitats and the con-
sequences of such strategies must be thoroughly documented.

The Danshuei River estuary hosts the northern-most pop-
ulation of Kandelia obovata (formerly known as K. candela;
Sheue et al. 2003) in Taiwan (Hsueh & Lee 2000), and is
also an important habitat for migratory waterfowl and shore-
birds (Liao 2001). The largest mangrove forest in the Danshuei
Estuary, the Guandu Nature Reserve (Fig. 1a), was designated
in 1986 under Taiwan’s Culture Heritage Preservation Law.
Since then, the K. obovata in the reserve has flourished and
taken over tidal flat, small creek, and bay habitats, conse-
quently reducing estuarine biodiversity (Shih 2005). Storm
effects have largely been dampened by two dams in the upper
streams that control flooding in the Danshuei River basin. As a
result, expansion of the mangroves is not balanced by natural
processes, such as storm floods. The succession from mud-
flats toward mangrove forests in the Guandu Nature Reserve
has led to an 18-fold reduction in the area of mudflats over
20 years (from 18.1 ha in 1986 to 1.1 ha in 2002), and a
25-fold increase in mangrove coverage (from <1 ha to 25 ha).
There have been marked changes in bird populations over
approximately the same period, from 1990 to 2000. Numbers
of Little Ringed Plover, which are tidal-flat users, fell to 10%
of their previous levels, whereas Cattle Egrets, which are tree
dwellers, increased by approximately 7-fold (Shih 2005).

Because habitat diversity is fundamental to species diver-
sity, the present study tested the hypothesis that abundance and
species richness of shorebirds and macrofaunal polychaetes
and crabs increase as habitat types increase (Fig. 2). Varia-
tions in habitat were increased by removing mangrove trees
and creating a small area of mudflats in the upper tidal zone
among densely populated mangrove forest. The effects of mud-
flat restoration on estuarine biodiversity were examined by
monitoring the short-term changes in sediment physical prop-
erties, and in the species compositions and abundances of
polychaetes, crabs, and birds over a period of four seasons.
We also analyzed long-term changes in avian species richness
in the study area over a 6-year period.

Figure 1. The study area (Shezi) is located in the estuary of Danshuei
River (a), where three Mangrove Natural Reserves shown in black
patches are designated. Bottom panel (b) shows five types of habitats for
the survey of avian assemblages. The mangrove-vegetated area is
enlarged to show the restored area (c) that includes the restored mudflat
and tidal creek and the mangrove control site. Sampling stations for
collecting sediments and benthic macrofauna are shown in black and
white circles.

Figure 2. Conceptual diagram demonstrating the predicted interactions
among environmental and biological variables in this study.

Methods

The Study Area

The study area, Shezi (25◦06′27′′N, 121◦28′02′′E), is located
about 11 km upstream from the mouth of the Danshuei River
estuary, near the Guandu Nature Reserve and the tip of
the confluence between the Danshuei and Keelung Rivers,
in northern Taiwan (Fig. 1). Salinity in the Shezi area is
influenced by semidiurnal tides, and fluctuates between 5 and
25 ppt. The average tidal amplitude is 1.5 m. The study was
conducted in the middle–high tidal zone where elevations
along the down-shore direction ranged from 1.12 to 1.59 m
above mean sea level. The study area was vegetated by
Kandelia obovata at an average density of 2.21 stems/m2, an
average height of 2.8 m, and a median trunk diameter at chest
height of 4 cm.
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Removal of Mangrove Trees

Mudflat restoration was accomplished by removing approxi-
mately 0.16 ha (40 m × 40 m) of mangrove trees (Fig. 1c).
From 27 January 2007 to 9 February 2007, the aboveground
portions of the mangrove trees were cut off and removed by
hand, whereas the belowground roots were left in the sed-
iments. The cutting point was a few centimeters below the
growth zone of the mangrove trees to prohibit their resprout-
ing. The roots were not dug out to minimize disturbance and
compression of the substrata.

A tidal creek with a small pool at its end was constructed
within the restored mudflat area to provide another type of
habitat (creek 2.0 m wide × 35.0 m long × 0.5 m deep; pool
4.5 m wide × 12.5 m long × 0.5 m deep; Fig. 1c). Mangrove
vegetation immediately adjacent to the two experimental sites
remained intact and served as the control site. Data recorded
in January 2007 before tree removal showed no differences
in sediment physical properties among the experimental and
control sites.

Measurements of Sediment Physical Properties and
Macrobenthos

The interactions and relationships among the environmental
and biological variables in this study are shown in Figure 2.
Sediment physical properties, including granulometry param-
eters, water content, total organic carbon (TOC), chlorophyll
a concentration, and abundance of macrofaunal polychaetes
and crabs, were sampled seasonally at each station in May,
August, and October 2007, and in February and May 2008.
Three transects, each approximately 25 m apart, were set up
parallel to the shoreline. The transect nearest to the shore was
approximately 100 m from the dyke. One station was placed
on each transect in the control site, whereas four stations were
deployed at approximately 12 or 30 m intervals on each tran-
sect in the restored sites. The mangrove-vegetated control site
therefore contained three stations, whereas the mudflat site had
nine stations and the tidal creek had three stations (Fig. 1c).

The top 3 cm of the sediment was sampled and analyzed to
determine grain size, silt/clay content, and sorting coefficient,
as well as water content and TOC. Chlorophyll a samples were
taken from the top 0.5 cm layer of the sediments. The subse-
quent treatments of sediment samples, granulometry analysis,
water content, TOC, and chlorophyll a determinations were
carried out as described by Hsu et al. (2009).

Polychaetes and crabs were the dominant macrobenthic
fauna in the study area. Polychaetes were sampled and
processed following the procedures described by Hsieh (1995).
Polychaetes retained on a 0.5-mm mesh sieve were identified
to species level and the numbers of individuals of each species
were counted. Quadrat plot sampling was used to estimate
crab abundance in the mudflat and mangrove areas, but not
in the tidal creek. Sediments in a 50 × 50-cm plot were
excavated to a depth of 20 cm with a shovel, and crabs larger
than 5 mm in carapace width were hand-picked, identified to
species level, and the numbers of individuals of each species
were counted. The abundances of polychaetes and crabs were

expressed as numbers of individuals (mean ± SE) per meter
square.

Measurement of Avian Species Richness

The wintering and stopover periods for migratory waterbirds
in the Danshuei River estuary span from autumn to spring
(late September to mid-May). Because birds are able to move
over large areas, the effects of the restored mudflat on bird
distributions were determined by extending observations to
cover a wider region including different habitat types (Fig. 1b
& 1c): (1) in-stream open-water area, (2) intertidal mudflats,
(3) reed marshes, (4) restored mudflat, and (5) control area
with mangrove vegetation. Bird counts were carried out at
100-m intervals by slowly walking along the 3-km dyke
adjacent to the study area (Fig. 1b). Because the detection
probabilities of bird counts in the different habitats had not
been determined, only species richness was analyzed. The
numbers of bird species, expressed as species richness, at each
of the five habitats were recorded using 8× binoculars and a
25× telescope, based on a 5-minute observation period at each
stop. The same procedure was repeated on the return course,
in case any birds had been missed.

Following the mangrove removal in February 2007, bird
associations with the five different habitats were determined
monthly, from February to June 2007. Long-term changes in
avian species richness in the whole surrounding area were also
evaluated monthly over approximately a 6-year period from
January 2002 to October 2007. Bird species were grouped
into four categories, according to taxonomy: (1) shorebirds,
(2) waterfowl, (3) egrets and herons, and (4) landbirds. For the
shorebird assemblage alone, we examined seasonal changes
in species richness relative to the whole avian community
by averaging 3-month data within the season. We defined
spring as being from March to May, summer from June to
August, autumn from September to November, and winter
from December to the following February.

Statistical Analyses

Differences in sediment physical properties and abundances
of polychaetes and crabs among seasons and sites were
examined using nonparametric two-way analysis of variance
(ANOVA). When a significant difference was detected (p <

0.05), multiple comparisons of means were performed for
main effects using Dunn’s test (Zar 1999). One-way ANOVA
was also used to examine the difference in the percentage of
numbers of shorebird species to all avian species in the spring
season among the 6 years. Arcsine square-root transformation
of the percentage data was carried out prior to the test and
a subsequent multiple comparison (Student-Newman-Keuls
[S-N-K] test) was conducted. All statistical analyses were
performed using SAS software 9.1 (SAS 2003).

Comparisons of species diversities of polychaetes and
crabs among habitats were made using rarefaction curves.
Benthos data collected in January 2007 were included to
increase the sample size for the mangrove site. Rarefaction
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is a statistical method for estimating the number of species
expected to be present in a random sample of individuals
taken from any given collection (Hurlbert 1971; James &
Rathbun 1981). The shape of the curves provides a graphic
display of the accumulation rates of relative abundance among
sampled species; the evenness of a community can therefore
be compared by examining the steepness of the curves and
their intersection (Hsieh & Li 1998).

Results

Sediment Physical Properties

Sediments in all habitats consisted of fine grains, with par-
ticle sizes ranging from 18 to 64 μm and silt/clay contents
ranging from 47 to 97%. Granulometry showed no significant
differences in grain sizes among habitats (p > 0.05), but the
silt/clay content varied seasonally, with the content in autumn
being lower than that in spring and summer (53% in October
vs. 77–79% in May and August 2007, p < 0.05; Table 1).
Sediments in all habitats had sorting coefficients ranging from
1.2 to 1.8, and were classified as poorly sorted (i.e. sorting
coefficient >1.0). However, the average degree of sediment
sorting in the tidal creek was slightly higher than that in the
mudflat or mangrove sites.

The TOC in the sediment ranged from 0.77 to 1.78%.
Although there were no differences among habitats, TOC
content changed seasonally, and was higher in spring than in
autumn and winter (1.46% in May 2007 vs. 0.91 and 0.94%
in October 2007 and February 2008, respectively; p < 0.05;
Table 1). Water content in the sediment differed among

habitats, and was highest in the creek, lower in the mangrove,
and lowest in the mudflat (43, 35, and 30% respectively; p <

0.05; Table 1). Benthic chlorophyll a concentrations differed
significantly among seasons (Table 1). The concentrations
varied greatly in the mudflat, ranging from 23 to 76 mg/m2, but
there was less variability in the mangrove sediment. Summer
chlorophyll a concentrations were generally lower than those
in spring and winter, except in the spring of 2008.

Macrobenthos Abundance and Species Diversity

Polychaete abundances differed significantly among habitats,
and were highest in the creek and lowest in the mudflat
(124.7 vs. 2.2 individuals/m2; p < 0.05; Table 2; Fig. 3). The
most abundant polychaete species was the spionid Prionospio
japonicus, followed by the capitellid Capitella sp. I and the
sabellid Laonome albicingillum. The slopes of the rarefaction
curves from the mangrove and mudflat sites were steeper than
that from the creek site (Fig. 4), revealing that the expected
polychaete species diversities were greater in the mangrove
and mudflat sites than in the creek, whereas the former two
habitats had similar species diversities.

Crab abundances exhibited seasonal rather than habitat dif-
ferences (p < 0.05; Table 2). The dominant species was the
fiddler crab, Uca arcuata. Fluctuations in seasonal abun-
dances were similar in the mudflat and mangrove sites
(Fig. 3). When data for all sites were combined, the aver-
age crab densities gradually decreased from a maximum of
66.3 individuals/m2 in summer (August 2007) to a minimum
of 13.3 individuals/m2 in winter, and then increased again to
about 46.3 individuals/m2 in spring (May 2008) (Fig. 3). The

Table 1. Comparisons of sediment physical properties among habitat types and seasons.

Parameters df χ 2 snosirapmoCsnaeMelpitluMeulaV

Silt/clay content (%)
Habitat 2 5.65

Mean
October 2007 May 2008 February 2008 May 2007 August 2007

53 67 71 77 79Season 4 14.05*

Interaction 8 6.50
Sorting coefficient

Habitat 2 7.50*
Mean

Creek Mudflat Mangrove
1.38 1.58 1.61Season 4 1.44

Interaction 8 10.47
TOC content (%)

Habitat 2 0.83

Mean
October 2007 February 2008 May 2008 August 2007 May 2007

0.91 0.94 1.03 1.32 1.46Season 4 11.28*

Interaction 8 1.98
Water content (%)

Habitat 2 28.32*
Mean

Mudflat Mangrove Creek
30 35 43Season 4 2.40

Interaction 8 5.78
Benthic chlorophyll a

concentration (mg/m− 2)
Habitat 1 0.01

Mean
May 2008 August 2007 October 2007 February 2008 May 2007

22.9 26.6 29.6 60.3 61.0Season 4 16.23*

Interaction 4 10.05*

Physical properties that do not differ in both habitat types and seasons are not shown.
∗ p < 0.05 and means with underlines are not different.
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Table 2. Comparisons of abundance of polychaetes and crabs among habitat types and seasons.

Parameters df χ 2 eulaV

Polychaete abundance
Habitat 2 15.92∗

Mean
Mudflat Mangrove Creek

2.2 5.3 124.7Season 4 8.47
Interaction 8 8.08

Crab abundance
Habitat 1 0.95

Mean
February 2008 October 2007 May 2008 August 2007

13.3 20.3 46.3 66.3Season 3 17.48∗

Interaction 3 0.73

snosirapmoCsnaeMelpitluM

∗ p < 0.05 and means with underlines are not different.

Figure 3. Comparisons of abundance (mean ± SE) of polychaetes and
crabs between the types of habitats and seasons. Note that the polychaete
abundance is expressed in an exponential scale. The arrows indicate the
occurence of Typhoon Krosa in early October 2007.

rarefaction curves showed that the crab species diversities were
similar in the mudflat and mangrove sites (Fig. 4).

Avian Communities

The restored mudflat had the highest avian species rich-
ness among the five habitat types following the removal of
mangroves (Fig. 5). Species richness in the restored mudflat
(31 species) was three times higher than that in the control
mangrove site (10 species), and even higher relative to that
in reed marsh (8 species), intertidal mudflat (5 species), and
in-stream open water (2 species). The shorebird assemblage
contributed most to the significant increase in the restored

Figure 4. Comparisons of polychaete and crab species diversity between
habitat types using rarefaction curves. Numbers of individuals and
species recorded in samples are shown in parentheses.

mudflat; during the late winter to early summer 2007 (part of
the migratory season), a total of 16 shorebird species were
recorded, accounting for 47% of the total species richness
(34 species) (Fig. 5).

The most abundant shorebird species on the restored mud-
flat was the Gray-tailed Tattler (Heteroscelus brevipes). Other
common shorebird species included the Pacific Golden Plover
(Pluvialis fulva), the Sharp-tailed Sandpiper (Calidris acumi-
nate), the Terek Sandpiper (Tringa cenerea), and the Wood
Sandpiper (Tringa glareola). Waterfowl were rare, and the
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Figure 5. Number of species of each bird assemblage occurring in
different types of habitats from the late winter to the early summer
(February–June 2007) following the removal of mangrove trees in
February 2007.

most abundant species was the Green-winged Teal (Anas
crecca). Egrets and herons comprised a small proportion of
the bird community in the restored mudflat, but a major pro-
portion in the intertidal mudflat. Five egret species (15% of
the total species) were recorded, with the Little Egret (Egretta
garzetta) being the most common. Landbirds were the major
avian components in the mangrove and reed marsh. Eleven
landbird species (3.1% of the total species) were recorded.
The Eurasian Tree Sparrow (Passer montanus) was the most
abundant species.

Monthly changes in shorebird species richness showed that
fewer than 10 shorebird species had been recorded in the
whole area from 2002 until before spring 2007, when the
new mudflat was created, with the exception of April 2004,
when there were 11 species (Fig. 6). In contrast, there were
16 and 15 species of shorebirds recorded in April and May
of 2007, respectively, and 12 species in October. Seasonally,
shorebird species accounted for <25% of the total avian
species richness before 2007, but contributed 42 and 32% in
spring and autumn 2007, respectively (Fig. 7). The proportion
of shorebird species in the whole avian community in spring
2007 was significantly higher than in the previous five seasons
(F = 10.3, p < 0.001, and S-N-K test).

Discussion

Effects of Mangrove Removal on Sediment Physical Properties
and Macrobenthos

The lower water content in the restored mudflat area was likely
to result from its direct exposure to sunlight after removal of
the mangroves. The better-sorted sediment in the tidal creek
reflected enhanced sorting caused by tidal flushing in the creek,
especially during the first two sampling periods after the creek
was created. This interpretation is supported by the greater

Figure 6. Monthly changes of numbers of shorebird species recorded
from January 2002 to October 2007.

Figure 7. Seasonal changes of shorebirds in percentage of numbers of
species compared to all avian community (mean ± SE) recorded from
January 2002 to October 2007. Only spring data were compared
statistically among the 6 years. Same letters denote no significant
difference.

inclination of the creek bottom, relative to that of the mudflat
(0.009 vs. 0.003, personal observation, and Shih et al., in
submission). In addition to the effects of habitat type, there
were also distinct seasonal effects on the sediment physical
properties. Typhoon-induced flooding may explain some of
the variations; the study site was flooded by Typhoon Krosa
in early October 2007, which deposited a layer of mud with
larger particles on the substratum surface, such that all three
habitats exhibited increased grain size and decreased silt/clay
and TOC content. Chlorophyll a concentration was affected
by interactions between habitat type and season, suggesting
that the habitat type plays a role in benthic algal production.
The occurrence of high winter concentrations of chlorophyll a

in mudflat sediments relative to those in mangrove sediments
may be attributed to the degree of sunlight exposure.

Polychaetes were most abundant in the tidal creek, possibly
because it was more regularly submerged by low tides.
Polychaete abundance at the creek site increased gradually,
except for a decrease in October 2007, which was suspected to
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be a result of enhanced deposition caused by typhoon-induced
flooding. The dominant polychaete species was the highly
reproductive, opportunistic Prionospio japonicus. This species
can colonize and recover quickly after disturbance (Hsieh &
Hsu 1999), and it was thus not surprising that it was able to
reach a density of 42,863 individuals/m2 in February 2008.
In contrast, polychaete abundance in the restored mudflat
remained low. This reduced and scattered distribution may
be attributable to the much drier substratum of the mudflat,
compared to those of the mangrove or creek habitats.

Lui et al. (2002) reported that the species richnesses of poly-
chaetes, molluscs, and crustaceans in Mai Po Nature Reserve,
Hong Kong, were significantly higher in open-water areas than
in vegetated areas, where Phragmites and Kandelia were pre-
dominant. An earlier study in Guandu Nature Reserve also
showed that open mudflats appeared to have a greater abun-
dance of polychaetes than the adjacent mangrove-vegetated
areas (mean ± SE, 3,508 ± 843 vs. 942 ± 383 individuals/m2,
Shao et al. 2001); in contrast, crabs were more dominant in
the mangrove-vegetated area, compared to the open mud-
flats (125 ± 77 vs. 50 ± 23 individuals/m2, Shao et al. 2001).
In this study, the creation of a tidal creek, after even a
short period, provided polychaetes (notably P. japonicus and
Laonome albicingillum) with the opportunity to colonize new
habitats. Although the created tidal creek was small and shal-
low and thus likely to be easily filled up with sand and mud, its
existence increased the benthic biodiversity of the restoration
area during the study period. Moreover, based on observa-
tions that polychaetes were eaten by fishes in the Danshuei
River estuary (Shao et al. 2001) and were also common prey
of waterfowl (Thompson et al. 1992), the creation of a tidal
creek could also benefit other consumers.

Enhancement of Shorebird Species Richness by Mudflat
Restoration

The creation of mudflat habitat in this study had only minor
effects on the sediment characteristics and macrobenthos
species diversity and abundance, compared with the intact
mangrove site. In contrast, however, the mudflat was attractive
to shorebirds. The changes in bird species composition seemed
more striking than that of their benthic prey, suggesting that
the created mudflat may have served as a roosting, rather than
a foraging site for shorebirds. The lack of shorebird feeding
(personal observation) may be due to the short time scale
and the limited size of the restored area. Evans et al. (1999)
noted that the establishment of new habitats in temperate
intertidal areas to compensate for lost ones required at least
3 years for the benthos to fully re-colonize and to subsequently
provide enough food for foraging birds. Smart and Gill (2003)
reported that relatively small-scale restoration was unable to
provide enough resources, including food, to attract foraging
shorebirds. We therefore recommend the spatial scale of
habitats to be taken into consideration in future restoration
projects in the Danshuei River estuary.

The phenomenon whereby high tides force shorebirds from
their intertidal feeding grounds into refuges is known as

roosting. Most migratory shorebirds prefer to feed on open
areas of mudflats and to roost on areas with an open view
and easy escape (Straw & Saintilan 2006). Adequate provision
and management of roosting sites, as well as foraging sites, is
therefore an important feature of coastal shorebird protection
strategies in nature reserves (Rogers et al. 2006). In this
study, the restored mudflat was 1.12–1.59 m above mean sea
level, and only became submerged during spring tides. It was
therefore dryer and firmer, because of its low water content,
compared to the soft mud in the lower intertidal zone. The
dryness and firmness further increased after the mangrove
trees were removed. This consolidated substratum became a
shorebird refuge at high tide, when the lower intertidal zone
was immersed. In addition, the restored mudflat was situated
between mangrove vegetation and open water; the strip of
undisturbed mangroves in the upper river bank served as
a protection zone for the shorebirds, whereas the adjacent
open-water area allowed the shorebirds to escape easily. As
a result, the mudflat functioned as an ideal shorebird-roosting
habitat, as noted in May 2007, when more than 300 Gray-tailed
Tattlers stopped over (S.-C. Huang 2007, author’s personal
observation).

Partial removal of mangrove trees on the lower half of
the river bank is one of the preferred methods of creating
habitats for shorebirds, because the remaining mangroves can
act as a buffer zone and provide a shield for shorebirds from
human interference. Alternatively, other vegetated areas, such
as the nearby reed marshes, could be converted into mudflats,
instead of cutting down mangrove trees. Nevertheless, given
that mangrove expansion has a significant impact on the
estuarine ecosystem of the Danshuei River, as shown in the
Danshuei Estuary (Lee & Shih 2004), mangroves might be
able to outcompete reed marsh and consequently take over
the mudflat created by removal of the reeds. This potential
alternative approach requires further study to determine the
links between shorebird foraging and roosting sites, as well
as other ecological interactions between mangrove, reed, and
mudflat habitats.

Shorebird species richness appeared to fluctuate among
years, suggesting that the increased shorebird species richness
during the migratory season of 2007 (winter–spring period)
was independent of the creation of the mudflat. We were
unable to rule out the possibility that the increased shorebird
species richness was influenced by inter-annual variations in
migratory shorebird stocks in the West Pacific region. In
addition, local shorebird movements between wintering sites
within Taiwan or within the Danshuei River estuary may also
have accounted for this fluctuation. Further studies are needed
to analyze these migratory patterns at different scales.

The study of mangrove restoration has recently advanced
beyond simply planting mangrove trees to increase the size
of mangrove forests, and the effectiveness of monospe-
cific planting, in particular, is in doubt (Ellison 2000). A
holistic approach that takes account of vegetation succes-
sion, benthic diversity, environmental factors, and hydrol-
ogy would be likely to produce better restoration results
(Bosire et al. 2008). This approach has been realized in a salt
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marsh ecosystem in southern California, where the creation
of multiple restored wetlands attracted a diverse assemblage
of shorebirds by providing various habitat characteristics
(Armitage et al. 2007). Our study illustrates a unique case of
increased habitat diversity in an estuary through the removal
of areas of monospecific mangrove forests. The results of this
study should help to broaden the scope of managing mangrove
restoration to include consideration of the estuarine ecosystem.

Implications for Practice

• Proper control of mangrove expansion and retention of
unvegetated mudflats, even on a small scale, can attract
shorebirds.

• The new mudflat could serve as a roosting site for
wintering shorebirds, even if the abundance and diversity
of the benthos is not significantly changed.

• Tidal creeks, as well as bare mudflats, should be created,
because they increase the abundance of benthic inverte-
brates. The created tidal creeks need to be deeper than
the mean low water level, allowing flushing to prolong
channelization and reduce siltation.

• Mangrove seedlings should be removed periodically,
particularly during the seeding seasons, to maintain the
unvegetated state of the mudflat after removal of the
mangrove trees.
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