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Abstract One of the most serious threats to

tropical mangrove ecosystems caused by shrimp

farming activities is the poor management of pond

waste materials. We hypothesise that mangroves can

tolerate chemical residues discharged from shrimp

farms and can be used as biofilters, but the capability

of mangroves to cope with solid sediments dredged

from shrimp ponds is limited. Our study in Pak

Phanang, Thailand, confirmed that the excess sed-

iments discharged from nearby shrimp ponds

reduced mangrove growth rates and increased

mortality rates. A series of transformed multi-

temporal satellite images was used in combination

with the field data to support this claim. In addition, a

comparison between four dominant mangrove spe-

cies revealed that Avicennia marina could tolerate

sedimentation rates of >6 cm year–1, while Brugui-

era cylindrica tolerated sedimentation rates of 5 cm

year–1 (total sediment depth = 25 cm) before dying,

while Excoecaria agallocha and Lumnitzera race-

mosa performed intermediate. This outcome im-

plied that in our situation A. marina and to lesser

extent E. agallocha and L. racemosa could be more

effective as biofilters than B. cylindrica, as they may

survive the sedimentation longer in the disposal

areas. Further studies on the impact of sedimenta-

tion and chemical pollution of shrimp farm wastes on

mangrove mortality and growth are required.
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Introduction

Tropical mangrove ecosystems in many Asian

countries are under pressure from a number of
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threats from surrounding shrimp ponds (Naylor

et al., 1998; Boyd & Massaut, 1999; Huitric et al.,

2002; Boyd, 2003; Barbier & Sathiratai, 2004).

One of the most serious concerns is the poor

management of pond waste materials (Tookwin-

as, 1996; Gautier et al., 2001; Boyd, 2003; Gräsl-

und et al., 2003; Das et al., 2004; Erler et al.,

2004). The waste materials discharged from

shrimp farms comprise foul liquid biochemical

substances and both non-soluble and soluble solid

biochemical substances, including fertilisers, pes-

ticides and disinfectants, antibiotics, immunostim-

ulants, vitamins, and feed additives (Gräslund

et al., 2003). The toxicity of these substances,

particularly to flora and fauna of the aquatic

ecosystem, has been reported in several studies

(e.g., Halling-Sørensen et al., 1998, 1999, 2000;

Halling-Sørensen, 2000; Wollenberger et al.,

2000).

Detailed laboratory studies (e.g., toxicity anal-

yses) on the effects of these shrimp farm waste

products on tropical mangroves are still few in

number. However, experimental studies confirm

the potential buffering effect of mangroves for

water treatment applications (Twilley et al., 1992;

Robertson & Phillips, 1995; Tam & Wong, 1995;

Sansanayuth et al., 1996; Massaut, 1999; Rivera-

Monroy et al., 1999; Gautier et al., 2001). For

example, Sansanayuth et al. (1996) showed that a

gravel-based water treatment system performed

poorer than a system planted with mangrove

ferns. Moreover, Chu et al. (1998) showed in their

greenhouse experiments that mangroves not only

tolerated polluted water, but even removed

effectively nutrients and heavy metals from the

water. In a field trial, Gautier et al. (2001)

obtained similar results, indicating that man-

groves can function as biofilters (i.e., mangroves

remove polluted substances from the water).

Relatively few studies found toxic effects of

effluents on mangrove performance (e.g., Peters

et al., 1997; MacFarlane & Burchett, 2002).

Although mangroves can tolerate the chemical

contents of shrimp farm wastes (Sansanayuth

et al., 1996; Chu et al., 1998; Gautier et al., 2001),

the capacity of mangroves to cope with the

excessive amount of solid sediments discharged

from the pond may not be tolerated by the

mangroves, as mangroves in general are not able

to tolerate extreme sedimentation (Ellison, 1998).

Shrimp farms in Thailand, for example, produce

sediments up to 600,000 kg ha–1 year–1 (Boyd &

Musig, 1992; Satapornvanit, 1993; Briggs & Fun-

ge-Smith, 1994). This tremendous amount of

sediment can negatively affect mangrove survival

and growth when it is directly discharged into

mangrove forests (West, 1956; Thom, 1967; Lugo

& Cintrón, 1975; Atmadja & Soerojo, 1994;

Terrados et al., 1997; Ohimain et al., 2004).

In 1996, a large mangrove extent of the Pak

Phanang area, located in the south of Thailand,

was damaged after dredged shrimp farm wastes

were illegally dumped in the area. The aim of our

study is to investigate the effects of these wastes

on mangrove mortality and growth. A series of

multi-temporal satellite images was used in com-

bination with a field survey. Additionally, long-

term mangrove mortality and growth rates were

also determined from field measurements after

the dumping event. This study focuses only on

assessing the physical effects of the waste sedi-

ments on the mangroves and does not take the

impact of the chemical residues into account,

because we assumed that mangroves can with-

stand the chemical contents of the shrimp farm

wastes (Sansanayuth et al., 1996; Chu et al., 1998;

Gautier et al., 2001).

Materials and methods

Study site

Our study site is at Cape Talumpuk, the Pak

Phanang district, Nakorn Sri Thammarat, Thai-

land (Fig. 1). A narrow edge along the east-end of

the cape is an extending sand beach, while the

majority of the mudflat area on the western side is

covered by a 57 km2 dense tropical mangrove

forest. The area is dominated by sediment influx

from the river at the south and by tidal influences

from the east and north. After a dam was

completed on 1 October 1999, the river was no

longer the major source of sediments to the bay as

fresh water flows are normally blocked in the dry

season for upland agricultural purposes. Shrimp

farms are located along the beach line as well as

clustered around the south of the cape (Fig. 1).
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Shrimp farming in this area started in 1957, and

boomed in 1987 (CORIN, 1991), but further

expansion of these shrimp farms towards the

mangroves stopped after the Thai government

took control of the situation in 1987 (Huitric

et al., 2002).

Following the aerial survey of the Thai For-

estry Department (TFD) during May-June 1996,

it was found that the dominant mangroves on the

eastern coast of the cape, including Avicennia

marina, Bruguiera cylindrica, Excoecaria agallo-

cha, and Lumnitzera racemosa, were severely

disturbed by the illegal deposits of shrimp pond

wastes dredged from the surrounding shrimp

farms (Fig. 2).

Tree growth and mortality

Immediately after the damage of the Pak Phan-

ang mangroves was detected by the aerial survey

between May–June 1996, we measured the

growth and mortality of the mangroves during

two visits on 20 July 1996, and on 20 September

1996. The sampling design comprised four

20 · 20 m2 field plots (Fig. 1). The locations of

the four plots were chosen by a stratified random

sampling method. We used three criteria for the

stratification: (1) the similarity of the mangrove

species composition between the four plots, (2)

the degree of damage, and (3) the accessibility of

the plots. Two control plots (PLOT#1 and

PLOT#2) were chosen at the natural forests in

the north of the cape. These two plots were not

disturbed by the shrimp farm disposal. The two

treatment plots (PLOT#3 and PLOT#4) were

located next to the shrimp farms in the south of

the cape where both plots were regularly filled

with the shrimp pond wastes (Fig. 2). According

to interviews with the local residents, the waste

dumping activity started in 1992. Contrary to the

healthy control plots, the affected areas lacked

undergrowth, and nearly all B. cylindrica and

E. agallocha trees had already died at the time of

the first field visit (i.e., the trees bore no leaves).

Each living mangrove tree (i.e., >1.2 m high) in

each plot was marked with a unique number at the

first field visit for monitoring purposes. During

each visit, the diameter at breast height (DBH) and

the total height of the marked trees was measured

using a DBH tape and clinometer, respectively.

Remote sensing analyses

An image analysis, using a series of multi-tempo-

ral satellite images and aerial photos, was used to

study the changes in the spatial extent of the

impact of shrimp pond wastes on mangrove forest

development. Using aerial photographs of 20

February 1995 and 2 July 2001, the total destruc-

tive area could be delineated. The content of the

1995 photo represented the original condition of

the Pak Phanang mangroves, the 2001 photos the

impacted situation. All photos were rectified and

geo-referenced using commercial software (ER-

DAS imagine).

Fig. 1 An index map of Thailand linked to a 2001-satellite
picture of the study site (Cape Talumpuk, Pak Phanang)
along with the locations of the four study plots. A narrow
edge along the east-end of the cape is an extending sand
beach with a road and shrimp farms along side, while the
majority of the mudflat area on the western side (the large
light-tone area on the left) is covered by a 57 km2 dense
tropical mangrove forest. (Please note that the black arrow
pointing to a patch of shrimp farms in the fig. will be
referred to in the following analysis)
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Next, a series of multispectral LANDSAT

satellite images of the delineated area taken

respectively on 19 April 1995, 8 April 1997, and

27 April 1998 was transformed into three corre-

sponding Normalized Difference Vegetation In-

dex (NDVI) images. NDVI transformation is an

effective image processing method of highlighting

areas covered with vegetation (Lillesand & Kie-

fer, 2000; Jensen, 2006). This method transformed

each image pixel into a decimal value between

–1.0 and 1.0. In our case, the area covered with

mangrove forests possessed a positive value

where the value between 0.0 and 0.3 represented

sparse forests, and the value between 0.3 and 0.7

was assigned to dense forests. In contrast, the

non-vegetated area (e.g., bare soils, roads, shrimp

farms) was assigned with a negative value.

Soil properties

In July 1996, two soil samples were collected (one

from the control plot, PLOT#1, and one from the

treatment plot, PLOT#3) to compare their phys-

ical and chemical properties.

Sedimentation depth and tree mortality

To establish the effect of sedimentation on tree

mortality, sedimentation height and the condition

of trees of four dominant mangrove species

adjacent to the two treatment plots (10 trees per

species per plot) were monthly measured between

July 1996 and August 2001. Ten living trees of

A. marina, B. cylindrica, E. agallocha and L. race-

mosa growing adjacent to the treatment plots

were marked. A plastic ruler with a millimetre

scale was attached to the bottom section of each

tree trunk. One end of the ruler was set at the

original soil level. The original soil level was

visually determined by the clear boundary

between the new soils that have a darker colour

than the original soils due to the high organic

contents from the shrimp farm waste materials.

Whenever any of the marked trees was found

dead (i.e., no leaf count), the depth between the

original soil level and the present level was

recorded. Although solid waste deposition from

shrimp farms was lawfully forbidden since 1996,

the treatment site was an exception, because it

was designated as a waste disposal area.

Statistical analyses

The intra-specific differences of the DBH sizes

and the tree heights between the control plots and

the treatment plots were tested using an inde-

pendent t-test. This intra-specific study was aimed

at checking for the consistency of the mangrove

conditions between the plots selected under the

same stratified random sampling scheme. The

growth (i.e., incremental DBH sizes and tree

heights) between 20 July 1996 and 20 September

1996 of the trees in the treatment plots (PLOT#3

and #4) were compared with the growth in the

control plots (PLOT#1 and #2) using an unpaired

t-test. A one-way ANOVA was used for analysing

differences in mangrove height and tree mortality

over the 5-year periods. The ANOVA test was

Fig. 2 Two overlapping, oblique aerial photographs of the affected area, taken during the mangrove survey mission During
May–June 1996 by the TFD (please note that the arrow points to the shrimp farms indicated in Fig. 1)
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used for detecting differences in maximum sedi-

mentation height of recently died mangrove trees

between the three selected mangrove species

(B. cylindrica, E. agallocha and L. racemosa).

Results

Tree growth and mortality

All plots contained four different mangrove spe-

cies, but only two of the species (A. marina and L.

racemosa) were present in all plots (Table 1). The

DBH and height for the different species between

the two controlled plots (PLOT#1 and PLOT#2)

did not differ in July 1996 (A. marina DBH: t =

0.31, df = 12.32, P > 0.05; A. marina height:

t = 1.29, df = 12.44, P > 0.05; L. racemosa

DBH: t = 1.50, df = 2.06, P > 0.05; L. racemosa

height: t = 0.70, df = 2.22, P > 0.05). All trees

were healthy, and dense understorey plants were

found. In contrast, the trees in the treatment plots

(PLOT#3 and PLOT#4) appeared stressed (i.e.,

yellow leaves, low leaf count, and dried branches).

Many B. cylindrica and E. agallocha trees in the

treatment plots were dead (i.e., zero leaf count),

and there was no understorey present. The total

number of live trees in the plots was NPLOT#3 = 42

and NPLOT#4 = 13, respectively. Tree height and

DBH in the two treatment plots did not differ

significantly for the two species (A. marina and

L. racemosa) that were present in both plots,

except for the DBH of A. marina, which was

slightly larger in PLOT#4 than in PLOT#3

(A. marina height: t = 0.73, df = 4.59, P > 0.05;

A. marina DBH: t = 3.66, df = 9.49, P < 0.01; L.

racemosa DBH: t = 0.45, df = 10.09, P > 0.05;

L. racemosa height: t = 1.55, df = 9.30, P > 0.05).

We concluded that the two controlled plots as well

as the two affected plots were relatively similar in

tree DBH and heights.

Between July and September 1996 the mean

DBH and height of the trees increased in every

plot; however, the trees in the affected area

(PLOT#3 and PLOT#4) had smaller growth than

the trees in the controlled area (PLOT#1 and

PLOT#2). The DBH and height growth between

the affected and controlled areas were signifi-

cantly different (Fig. 3 and Table 1, A. marina T
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DBH growth: t = 49.80, df = 39.18, P < 0.001;

A. marina height growth: t = 62.17, df = 36.56,

P < 0.001; L. racemosa DBH: t = 8.34, df = 18.16,

P < 0.001; L. racemosa height: t = 10.74, df =

17.21, P < 0.001). By comparison, A. marina

performed better in affected plots than L. race-

mosa or E. agallocha.

In addition to the poorer growth rates of the

trees in the affected area, we also found differ-

ences in mortality rates between the plots, with

mortality rates between 0 and 50% in the affected

areas against 0% in the controlled areas

(Table 2).

Soil properties

The soil properties of the control and treatment

plots are reported in Table 3. The results showed

that soils from the affected and controlled areas

were relatively similar except for a lower salinity

levels (EC) and higher organic matter (OM)

contents in the affected plots.

Remote sensing analyses

In Fig. 4, the extent of the damaged area was

assessed by comparing the aerial photograph of

20 February 1995 (i.e., the situation before the

damage) with the one taken on 2 July 2001 (i.e.,

about five years after the incident). The loss of

mangrove forest can be noticed in the 2001 photo

(i.e., bright-tone area), estimated at approxi-

mately 1.0 km2.

Three transformed multi-temporal satellite

images of the same area show the increase of

the affected area (Fig. 5). For each image, we

sliced raw NDVI values into three different

classes: the red areas are non-vegetated areas

(e.g., bare soils, roads, shrimp farms; NDVI

values < 0); bright green areas are sparsely veg-

etated areas (NDVI values 0.0-0.3); dark green

areas are dense mangrove forests (NDVI val-

ues > 0.3). The general pattern found in the

transformed images indicated that the mangroves

deteriorated over the 1995–1998 period, as the

sparsely vegetated areas encroached on the

healthy dense mangroves. This outcome con-

firmed our field observations, indicating that the

dumping activity increased mangrove mortality.

Sedimentation depth and tree mortality

B. cylindrica, E. agallocha, and L. racemosa

survived respectively up to 25 cm, 31 cm, and

33 cm of the waste deposition, before they were

found dead (Fig. 6); all A. marina trees survived

the deposition. A statistical analysis (one-way

ANOVA) between the three dominant mangrove

species confirmed that B. cylindrica was signifi-

cantly the weakest species as it sustained the

sediment deposition less than the other two

species (n = 30, F = 10.16, P < 0.001). A. marina

was excluded from the analysis since not a single

tree had died.

Discussion

The field observations demonstrated that the

trees in the affected area had a lower growth

rate (Fig. 3) and a higher mortality rate

(Table 2) than the trees in the controlled plots.

These findings confirmed that solid shrimp farm

waste depositions have negative effects on the

Pak Phanang mangrove development. Neverthe-

less, controlled experiments are required so that

site effects (such as small differences in the

initial DBH of the trees) can be ruled out, and

generalizations can be made for sedimentation

tolerance levels of the different species. The

outcome of the multi-temporal NDVI analysis

of images taken between 1995 and 1998 (Fig. 5)

strengthened this claim. The analysis indicated

that the effects of the shrimp farm waste

depositions were not localised within the sam-

pled areas but affected a large extent of the Pak

Phanang mangroves. It has been shown that

satellite image classification, together with field

studies, can assist in monitoring mangrove forest

development in shrimp pond areas. Addition-

ally, it was also found that A. marina in the

affected area is the strongest mangrove species,

possessing the highest growth and lowest mor-

tality rates. A. marina is a pioneer species,

relatively tolerant to large abiotic fluctuations

(MacFarlane & Burchett, 2002; Joshi & Ghose

2003), and is therefore not surprisingly the

species that best sustained the heavy sedimen-

tation.
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This study is based on the assumption that the

mangrove deterioration in Pak Phanang was not

caused by the chemical contents of the wastes

discharged from the shrimp ponds, as it is well

known that mangroves in general are able to

tolerate these chemical contents. In many cases

mangroves are even used as biofilters to treat the

shrimp pond effluents (Twilley et al., 1992; Rob-

ertson & Phillips, 1995; Tam & Wong, 1995;

Sansanayuth et al., 1996; Massaut, 1999; Rivera-

Monroy et al., 1999; Gautier et al., 2001). More

importantly, in tropical areas like the study area,

the monsoons and heavy rainfalls also wash away

or dilute these foul chemical substances. The soils

in the affected area seem to have a lower salinity

level and higher organic matter content than the

control soils, possibly stimulating mangrove

development. The low sample size does not,

however, warrant such conclusions.

Our 5-year sedimentation record in the

affected area showed that the amount of sedi-

ments deposited from the nearby shrimp farms

Fig. 3 Comparisons of the mean monthly growth in DBH
and height of mangrove tree species in the affected and
controlled areas: (i) L. racemosa’s DBH, (ii) L. racemosa’s

height, (iii) A. marina’s DBH, and (iv) A. marina’s height
(h = Mean, h = ±SE, and I = ±1.96*SE)

Table 2 Mortality rates of the mangrove trees per plot between 20 July 1996 and 20 September 1996 (N/A: tree was absent
from the plot)

Species Mortality (%)

Controlled Affected

Plot#1 Plot#2 Plot#3 Plot#4

A. marina 0% 0% 31% 0%
B. cylindrica 0% N/A N/A N/A
E. agallocha N/A N/A 50% N/A
L. racemosa 0% 0% 48% 38%
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were well beyond the mangrove tolerance level

(i.e., approximately 5 mm of sedimentation per

year; Ellison, 1998). It is therefore likely that

the excess in sediment supply is the major cause

of the mangrove decline. Furthermore, our

results suggest that B. cylindrica was the weak-

est species to survive, as it tolerated an average

sedimentation depth up to only 25 cm while the

E. agallocha and L. racemosa species performed

better at 31 cm and 33 cm, respectively. This

outcome indicates that E. agallocha and L.

racemosa, together with A. marina, are able to

withstand the effect of sedimentation better,

and are therefore more suitable species to be

used in biofilter experiments than B. cylindrica.

Lastly, it was a surprise that there was almost

no natural colonization of the mangroves in the

affected area during the 5-year monitoring

period (Fig. 4) even though the dumping activity

had been banned since 1996. Instead, the areas

covered with dense mangroves gradually receded

over the years (Fig. 5). Poor soil properties were

unlikely to be the reason for this unsuccessful

regeneration of the mangroves. This statement is

supported by a pilot experiment of Bam-

rongrugsa (unpublished), who found that the

seedlings of Rhizophora apiculata and Rhizo-

phora mucronata can be successfully grown in

the affected area with a high survival rate

(Fig. 7). Instead, we hypothesise that natural

mangrove colonization is limited by the increas-

ing height of the affected area as a result of the

accumulation of the shrimp farm wastes. The

increasing elevation reduces the chances for

natural dispersion of mangrove seedlings, as

the average tidal range of the study area is only

100 cm (Hydrographic Department, 1996).

Therefore, an increase in elevation of 25 cm or

more, such as the case found in this study can

severely disrupt the tidal pattern. In addition, it

is anticipated that the alteration of the inunda-

tion frequency will also cause changes of other

physico-chemical properties (e.g., an increase in

soil salinity) of the affected area.

Table 3 A comparison between soil properties of the affected and controlled areas, collected in 20 July 1996

Area pH EC 1:5
(millimhos,
25�C)

%OM P
(ppm)

K
(ppm)

S
(ppm)

Na
(ppm)

Ca
(ppm)

Mg
(ppm)

%Sand %Silt %Clay Texture

Affected 6.7 8.26 8.26 41 2000 3333 20000 3953 4881 18 30 52 Clay
Controlled 7.7 13.71 2.72 285 1700 2000 21000 3462 4732 12 34 54 Clay

Fig. 4 Aerial photographs enabling a comparison between
the situations in February 1995 (above) and July 2001
(below) of the affected area. The darker tone area in the
mid-west of the 2001-photo is dominated by dense man-
grove forests. The lighter-tone area on in the mid-east is the
affected region where the soils underneath the mangroves
are exposed to the camera due to the low mangrove density.
Please note that the black arrow is pointed to the same patch
of shrimp farms indicated in Fig. 1
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Conclusion

This study demonstrated a case of mangrove

destruction in the Pak Phanang district in the

south of Thailand, caused by the deposition of

the shrimp farm waste materials in the

mangroves. Despite the capability of natural

mangroves to withstand the chemical constitu-

ents of the shrimp farm wastes, the excessive

amount of the waste materials deposited in the

Pak Phanang mangroves is beyond the mangrove

tolerance levels. We suggest that studies of the

effects of the chemical contents of the shrimp

Fig. 5 NDVI transformed images showing the encroach-
ment of the bright grey areas (sparse mangrove forests) on
the dark grey areas (dense mangrove forests) over the
period from 1995 to 1998. The black areas are non-

vegetated areas (e.g., shrimp farms, roads, bare soils) where
the NDVI values are negative. The top-left image is the
same 1995 photo shown in Fig. 4. The index shrimp farm is
indicated by an arrow

42
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Fig. 6 A comparison between the mean sedimentation
levels of dead mangrove trees of three dominant species in
the Pak Phanang area (h = Mean, h = ±SE, and
I = ±1.96*SE)

Fig. 7 An experiment of growing Rhizophora mangroves
in the area affected by shrimp farm disposal
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farm wastes on mangrove mortality and growth

should be carried out to complement the out-

come of this study. In light of this study (see also

Ellison, 1998), more studies are also needed to

confirm the causal factors behind the reduction

in mangrove growth and increase in mortality, so

that suggestions for effective mangrove biofilters

are based on our understanding of the processes

involved. Lastly, we hope that the painful expe-

rience of the Pak Phanang mangroves reported

in this case study will be a warning to the shrimp

farm stakeholders, emphasising the need to

guarantee that effective mitigating steps are

taken to minimize the effect of shrimp farm

wastes on mangrove ecosystems.
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Gräslund, S., K. Holmström & A. Wahlström, 2003. A field
survey of chemicals and biological products used in
shrimp farming. Marine Pollution Bulletin 46: 81–90.

Halling-Sørensen, B., 2000. Algal toxicity of antibacterial
agents used in intensive farming. Chemosphere 40:
731–739.

Halling-Sørensen, B., S. Nors Nielsen, P. F. Lanzky,
F. Ingerslev, H. C. Lützhøft & S. E. Jørgensen, 1998.
Occurence, fate and effects of pharmaceuticals in the
environment – A review. Chemosphere 36: 357–393.

Halling-Sørensen, B., H. C. Holten Lützhøft, H. R.
Andersen & F. Ingerslev, 2000. Environmental risk
assessment of antibiotics: comparison of mecillinam,
trimethoprim and ciprofloxacin. Journal of Antimi-
crobial Chemotherapy 46: 53–58.

Holten Lützhøft, H. C., B. Halling-Sørensen & S. E.
Jørgensen, 1999. Algal toxicity of antibacterial agents
applied in Danish fish farming. Archives of Environ-
mental Contamination and Toxicology 36: 1–6.

Huitric, M., C. Folke & N. Kautsky, 2002. Development
and government policies of the shrimp farming
industry in Thailand in relation to mangrove ecosys-
tems. Ecological Economics 40: 441–455.

Hydrographic Department, 1996. Tide table, Royal Thai
Navy, Bangkok.

Jensen, J. R., 2006. Remote Sensing of the Environment.
Prentice Hall, New Jersey.

Joshi, H. & M. Ghose, 2003. Forest structure and species
distribution along soil salinity and pH gradient in
mangrove swamps of the Sundarbans. Journal of
Tropical Ecology 44: 195–204.

Lillesand, T. M. & R. W. Kiefer, 2000. Remote Sensing
and Image Interpretation. John Wiley & Sons,
New York.

Lugo, A. E. & G. Cintrón, 1975. The mangrove forests
of Puerto Rico and their management. In Walsh,
G., S. Snedaker & H. Teas (eds), Proceedings of
International Symposium on Biology and Manage-
ment of Mangroves. Institute of Food and Agricul-
tural Sciences, University of Florida, Gainesville:
825–846.

MacFarlane, G. R. & M. D. Burchett, 2002. Toxicity, growth
and accumulation relationships of copper, lead and zinc
in the grey mangrove Avicennia marina (Forsk.) Vierh.
Marine Environmental Research 54: 65–84.

56 Hydrobiologia (2007) 591:47–57

123



Massaut, L., 1999. Mangrove Management and Shrimp
Aquaculture, Research and Development Series No.
44. Auburn University, Alabama.

Naylor, R., R. Goldburg, H. Mooney, M. Beveridge,
J. Clay, C. Folke, N. Kautsky, J. Lubchenco, J. Pri-
mavera & M. Williams, 1998. Nature’s subsidies to
shrimp and salmon farming. Science 282: 883–884.

Peters, E. C., N. J. Gassman, J. C. Firman, R. H. Rich-
mond & E. A. Power, 1997. A Ecotoxicology of
tropical marine ecosystems. Environmental Toxicol-
ogy and Chemistry 16: 12–40.

Ohimain, E. I., W. Andriesse & M. E. F. van Mensvoort,
2004. Environmental impacts of abandoned dredged
soils and sediments: available options for their han-
dling, restoration and rehabilitation. Journal of Soils
and Sediments 4: 59–65.

Rivera-Monroy, V. H., L. A. Torres, N. Bahamon,
F. Newmark & R. R. Twilley, 1999. The potential
use of mangrove forests as nitrogen sinks of shrimp
aquaculture pond effluents: The role of denitrifica-
tion. Journal of the World Aquaculture Society 30:
12–25.

Robertson, A. I. & M. J. Phillips, 1995. Mangroves as
filters of shrimp pond effluent: predictions and bio-
geochemical research needs. Hydrobiologia 295:
311–321.

Sansanayuth, P., A. Phadungchep, S. Ngammontha,
S. Ngdngam, P. Sukasem, H. Hoshino & M. S. Ttab-
ucanon, 1996. Shrimp pond effluent: pollution prob-
lems and treatment by constructed wetlands. Water
Science and Technology 34: 93–98.

Satapornvanit, K., 1993. The environmental aspects of
shrimp farm effluent. Masters Thesis, Asian Institute
of Technology, Bangkok, Thailand.

Tam, N. F. Y. & Y. S. Wong, 1995. Spatial and temporal
variations of heavy metal contamination in sediments
of a mangrove swamp in Hong Kong. Marine Pollu-
tion Bulletin 31: 254–261.

Terrados, J., U. Thampanya, N. Srichai, P. Kheowvongsri,
O. Geertz-Hansen, S. Boromthanarath, N. Pana-
pitukkul & C. M. Duarte, 1997. The effect of
increased sediment accretion on the survival and
growth of Rhizophora apiculata seedlings. Estuarine,
Coastal and Shelf Science 45: 697–701.

Thom, B. G., 1967. Mangrove ecology and deltaic geo-
morphology: Tabasco, Mexico. Journal of Ecology 55:
301–343.

Tookwinas, S., 1996. Environmental Impact Assessment in
Intensive Marine Shrimp Farming in Thailand.
Coastal Aquaculture Division, Department of Fish-
eries, Bangkok.

Twilley, R. R., R. H. Chen & T. Hargis, 1992. Carbon sinks
in mangroves and their implications to carbon budget
of tropical coastal ecosystems. Water, Air, and Soil
Pollution 64: 265–288.

West, R. C., 1956. Mangrove swamps of the pacific coast of
Colombia. Association of American Geographers
Annals 46: 98–121.

Wollenberger, L., B. Halling-Sørensen & K. O. Kusk,
2000. Acute and chronic toxicity of veterinary
antibiotics to Daphnia magna. Chemosphere 40:
723–730.

Hydrobiologia (2007) 591:47–57 57

123



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


