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Abstract In this paper a comparison is made between
the growth and morphology of barred mudskippers
(Periophthalmus argentilineatus) from six mangrove
forests along the coast of Tanzania. The fish populations
from unpolluted sites consisted of different size classes,
whereas only small sized fish were present in the polluted
Mtoni mangroves. Age estimation based on the exami-
nation of otoliths revealed that the mudskippers fol-
lowed similar growth patterns in all sites with limited
pollution. However, the age estimates from the polluted
Mtoni site revealed an abnormal growth pattern. The
occurrence of unilateral anophthalmia in the Mtoni
mudskippers suggested that these fish were affected by
pollutants during early development. The study showed
that the presence of urban and industrial wastes from
Dar es Salaam city, as indicated by isotopic enrichment,
correlated with abnormal growth and developmental
effects in mudskippers. We hypothesize that pollution
might also affect fish species that use the mangroves as a
temporary habitat.

Introduction

During recent years Tanzania has experienced a rapid
increase in urbanisation and industrialisation, particularly
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in the coastal area of Dar es Salaam (National Bureau of
Statistics 2002). These changes have been accompanied
by increasing amounts of anthropogenic wastes ending
up in the coastal environment (de Wolf et al. 2001).
Heavy metal levels have been found to be elevated in the
Mtoni estuary where the harbour of Dar es Salaam is
located (Engdahl et al. 1998; de Wolf et al. 2001;
Machiwa 1992). The sediments of the estuary were fur-
thermore found to be polluted with polychlorinated
hydrocarbons (PCBs), petroleum hydrocarbons (PAHs;
Machiwa 1992) and organochlorines pesticides (OCPs;
Mwevura et al. 2002). Pollution studies on the coast of
Tanzania have been focussed on the chemical analysis of
environmental pollutants, while the effects of the pollu-
tants on marine and estuarine fauna have mostly been
ignored.

Many environmental pollutants which are released
into the waters of the Tanzanian coastal area pass
through mangrove forests before reaching the Indian
Ocean coast. The fish assemblages in these intertidal
forests encompass early life stages of many fish species,
including reef and seagrass species, which find protection
against predators in the mangroves as well as large
amounts of organic matter and associated macrofauna
for feeding (Robertson and Duke 1987; Nagelkerken and
van der Velde 2004). Fish are sensitive to environmental
pollutants, particularly during their early development
since pollutants may interfere with important develop-
mental processes (Von Westernhagen et al. 1988).

Early exposure to pollutants may result in a wide
array of specific and non-specific effects in fish, including
reduced egg production, delay or failure of hatching,
growth reduction and deformities (Swedmark and
Granmo 1981; Cameron and Berg 1992: Klumpp and
Von Westernhagen 1995; Kingsford and Grey 1996).
The effects which pollutants have on fish strongly de-
pend on the characteristics of the pollutant, the duration
of exposure and the life stage of the organism (Von
Westernhagen et al. 1988).

Whereas many fish species spend only specific life
stages in the mangrove habitat, the barred mudskipper
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Periophthalmus argentilineatus is one of the resident
mangrove species. Subsequently, all effects of pollution
found in this fish can be attributed to exposure in the
mangroves. Hence, this study evaluated the morphology
and growth of the mudskipper in six mangroves along
the Tanzanian coast that are expected to vary in the level
of pollution.

Nitrogen isotopes accumulate in the foodweb and
stable nitrogen signatures consequently indicate the
trophic level of an organism (e.g. Minagawa and Wada
1984). However, since the stable nitrogen signatures of
land-based sources are much higher than marine sour-
ces, the input of anthropogenic wastes into coastal
ecosystems also results in an increase in the stable
nitrogen isotope signatures of these systems, i.c. eutro-
phication (Spies et al. 1989; Savage et al. 2004). In this
study the stable nitrogen signatures of mudskippers were
used to provide a means for comparison of the general
anthropogenic input in the different mangrove sites.

Because previous observations suggested that size
differences between mudskippers in the populations of
different mangroves were present, otoliths were used to
evaluate the growth patterns of the fish. Otoliths are bony
structures in the inner ear of the fish that grow continu-
ously as a result of deposition of calcium. Endogenous
and exogenous rhythms influence the deposition which
results in growth marks in the otolith that can be used for
age determination (see review by Morales-Nin 2000).
Since seasonal changes are less pronounced in tropical
than in temperate zones, growth marks can be less clear
in tropical fish (Morales-Nin 1992). Therefore the valid-
ity of the use of growth zones in the otoliths of mud-
skippers as annual increments was tested.

Materials and methods
Sampling areas

This study was carried out in the mangrove forests at
Mtoni, Kunduchi, Mbweni, Chwaka, Makoba and
Rufiji along the coast of Tanzania (Fig. 1).

The Mtoni sampling site is the most polluted site in
this study (according to Machiwa 1992; Engdahl et al.
1998) and is located in the estuary in which the harbour
of Dar es Salaam is situated. The estuary receives water
from two tributaries, the Kizinga and the Mzinga. The
Kizinga is the largest tributary and is known to carry a
mixture of household, agricultural and industrial wastes.

The mangroves of Kunduchi and Mbweni are found
along the Zanzibar Channel, about 25 and 40 km north
of the Dar es Salaam harbour. The area surrounding the
Kunduchi mangrove is being transformed into the
northernmost suburb of Dar es Salaam. A large part of
the mangrove has been converted to saltpans and some
hotels are found in the proximity. The Mbweni man-
grove is located next to a small fishing village with no
apparent input of pollutants. The concentrations of
environmental pollutants are relatively low in both
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Fig. 1 Locations of the six sampling sites on the coast of Tanzania

Kunduchi and Mbweni according to a study by de Wolf
et al. (2001).

Chwaka and Makoba are both located in the rural
areas of Zanzibar Island. This island is located 30 km
from the mainland coast and has few industries. Chwaka
and Makoba are therefore presumed to be little affected
by pollutants. Chwaka bay is a large shallow bay on the
eastern part of the island, which is bordered by small
fishing villages. A large mangrove forest fringes the
closed southern end of Chwaka Bay. The Makoba
mangroves surround the Makoba Bay that is fed by the
Zingwezingwe and Mwanakombo streams. Some farms
and mariculture ponds are located in the proximity of
the Makoba Bay.

The Rufiji site is located 100 km south of Dar es
Salaam city in the wide delta of the Rufiji River. This
river has a catchment area of 177,400 km? and is over
640 km long (UNEP 2001). Several small towns are lo-
cated in the upper part of its catchment area. The lower
part is free of industries and subsequently the Rufiji
sampling site is expected to be relatively clean.

Fish

Barred mudskippers (P. argentilineatus) were randomly
collected with scoop nets on the exposed mudflats during
low tide. The fish were measured for total length (in cm)
and weight (in g). The sagittal otoliths were removed
from the auditory bulla, measured for length and stored
dry in cross-referenced plastic vials.



To avoid too much pressure on the small mudskipper
populations, fish for the growth study were collected at
intervals of 5 months between November 2001 and June
2003. For the stable isotope analysis fish were collected
in January 2004.

Stable isotopes

Samples of muscle tissue from the mudskippers were
dried at 70°C for 48 h and ground to a fine powder. The
nitrogen isotopic composition was determined with a
Carlo Erba NA 1500 element analyser coupled on-line
via a Finnigan Conflo III, with a Thermo-Finnigan
DeltaPlus mass-spectrophotometer. Nitrogen isotope
ratios are expressed in the delta notation (6"°N) relative
to atmospheric nitrogen (Rau et al. 1981).

Age estimation

The age of the fish from the various sampling sites was
determined by counting growth increments in the oto-
liths (Morales-Nin 2000). To test whether burning would
improve the readability of growth zones 37 otoliths were
burnt either to a medium brown or dark brown state
over a low intensity ethanol flame. The burnt otoliths
were then embedded, together with the unburnt otolith
of the pair, in clear polyester casting resin and sectioned
transversely through the nucleus with a double bladed
diamond edged saw and mounted on slides with DPX
mountant. An arbitrary 4-point scale of zone clarity was
used to determine the effect of burning. Analysis of the
results indicated that burning did not enhance read-
ability (Table 1). The remainder of the otoliths were
embedded in an unburnt state and sectioned as described
above.

The number of opaque zones in otoliths was read
three times with a dissecting microscope under trans-
mitted light, without any reference to the size of the
fish. If the three readings were the same, the age esti-
mate was accepted. If only two of the readings coin-
cided, the otolith was read a fourth time and the age
estimate accepted if three of the readings were the
same. Otoliths were rejected if the growth zones were
not readable or if the three readings differed by more
than 2 years.
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Because it was not possible to collect samples on a
monthly basis, the commonly used marginal zone
analysis technique (e.g. Hyndes et al. 1992) could not
be utilised to validate the growth zones as annuli. In-
stead, the otoliths of 14 fish, <14.4 cm TL, from the
Kunduchi (n=3), Makoba (n=35) and Mbweni (n=06)
mangrove swamps were prepared for the analysis of
daily growth zones. To this end otoliths were mounted
on a slide using Canada balsam (Secor et al. 1992). The
otoliths were then ground by hand using fine sanding
paper (P400-800) until the core was clearly visible and
then polished with a rotary tool (Dremel, the Nether-
lands) equipped with a 13 mm polishing felt wheel
using a 1pm and then a 0.3 ym alumina paste
(Buehler, Lake Bluff, IL, USA). After preparing one
side, the otoliths were taken from the balsam and
mounted with the polished side down to enable prep-
aration of the other side. Once the growth zones were
clearly visible, the otolith sections were made free of
balsam and covered with a drop of DPX mountant. Of
the 14 otoliths prepared in this manner, 11 had micro-
increments that were readable from the core to the
otolith margin. The total number of micro-increments
from the core to the edge of the otoliths was read three
times at 400X magnification. The average of the three
counts was calculated to accept or reject the hypothesis
that the first clearly observable growth zone was an
annulus, based on the assumption that around 365
daily rings were deposited.

Since there was no significant difference between the
length-at-age data for males and females (F=2.660,
P=0.105, ANOVA), the data for the two sexes were
combined.

Length-at-age data were fitted to the Schnute model
and the three-parameter specialised Von Bertalanffy
growth models, with both absolute and relative error
structures (Schnute 1981). The Schnute growth model is
described by

1 — g—a(t—n)

L
b
Lt = LIIJ + (Lg - L?) X [m] y Where L2 > L]

and £, > t,

where L is the length of the fish at age ¢, ¢; and ¢, are
the ages of the youngest and the oldest fish in the
sample, L; and L, are the mean lengths of the fish at
age 11 and ¢, and a and b are the relative growth rates.

Table 1 Readability of growth

Burnt

Transmitted light Direct light Transmitted light

zones in burnt and unburnt Readability Unburnt
otoliths, illuminated by - -
transmitted or direct light Direct light
1 26
2 11
e . 3 0
Readability is expressed in 4 0
numbers from 1 (least readable) Totg] 37

to 4 (best readable)

0 28 2
10 8 14
16 1 16
11 0 5
37 37 37
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The Von Bertalanffy growth model is described by the
Schnute model where =1 and is reduced to the
familiar form of

Lo =L (1 —e7H0),

where L., is the predicted asymptotic length, K is the
Brody growth co-efficient and ¢, is the age at “zero”
length (Ricker 1975).

The models were fitted with a downhill simplex
search, which is a non-linear minimisation routine to
obtain parameter estimates of the selected growth
model. For each model and error structure, a non-
parametric one-sample runs test was applied to test for
randomness. Bartletts test was used to test for homo-
scedasticity of the residuals. A particular model was
chosen only if the residuals were both random and
homoscedastic. Variance estimates were calculated with
conditioned parametric bootstrap re-sampling (Efron
1982) with 150 bootstraps. Upper and lower confidence
intervals of the predicted length-at-age were constructed
from the bootstrap data using the percentile method
described by Buckland (1984).

Statistical analysis

One-way ANOVA was used to test for differences in
isotopic signatures between the six localities. The dif-
ferences in the length-at-age data of the sexes and log-
transformed length data were tested with one-way
ANOVAs, followed by Games-Howell post hoc tests.
All statistical analyses were performed with software-
package SPSS 11.5 and statistical significance was
accepted at P < 0.05.

Results
Stable isotopes

The stable nitrogen ratios for mudskippers from all
sampling sites are shown in Fig. 2. The ratios found for
mudskippers from Chwaka were significantly lower
(P<0.001) than in all other sites, except Makoba. The
highest ratios were found for the fish in the Mtoni
mangrove. The ratios observed in the fish from Mtoni
and Rufiji differed significantly (P <0.001) both from
each other and from the ratios found for the four other
sites.

Malformations

Malformed eyes were encountered in 3.3% of the adult
fish which were collected in the Mtoni mangroves
(n=245, Fig. 3b—d), but there were no apparent skeletal
deformities. In all instances the deformities concerned
the absence of the left eye (anophthalmia). The right eye
appeared properly formed in all cases. No eye deformi-
ties were found in any fish in the other mangroves
(Fig. 4).

Fish size

The overall length—weight relationship of all fish was
found to be allometric and could be expressed as

(n=1,052),

where W is the weight (g) and L is the total length of the
fish (cm).

W = 0.0171L28%2
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Fig. 3 Pictures of mudskippers
with normal eye development
(a) and fish with left-sided
anophthalmia (b-d)

Age estimation

The otolith length/fish length relationship was found to
be linear and is best described by the function

y=1.671x+10.599 (* =0.882, n = 89, Fig.4).

The mean daily micro-increment counts are presented in
Table 2. The results suggest that the first clear growth
zone represents the first annulus. On the assumption that
this is a recurring pattern, the subsequent rings were also
interpreted as annuli and were used to estimate the age
of the fish in years.
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Table 3 shows that the annual growth zones could be
read successfully for most otoliths from each of the six
mangrove swamps. The annuli consisted of a wide
translucent and a narrow opaque zone.

The length—age keys are presented in Table 4 for the
fish from the six localities separately, and for all fish
used for age estimations combined. Given the relatively
small sample of fish from each mangrove swamp, and
the highly variable numbers per age class it was decided
that any statistical analysis, such as Cerrato’s (1990)
likelihood ratio test, could not be used with any degree
of confidence or justification.

Fig. 4 Relation between the 40
size of the otoliths and the total
fish length
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Table 2 Mean number of micro-increments on mudskipper oto-
liths of three age classes

Age Mean number Standard n
of increments deviation

1 291 26.6 7

2 388 14.1 2

3 340 0.0 1

As indicated in the methods section, both the Schnute
and the Von Bertalanfly growth equations were fitted to
the length-at-age data. Table 5 illustrates the parameters
of the most suitable model for each of the populations
and Table 6 shows the best-fit model estimates for the
length-at-age as well as the upper and lower 95% con-
fidence intervals. The growth curves of the various
populations are largely similar, and are illustrated in
Fig. 5. A total of 58 fish were collected from Mtoni
ranging between 6.8 and 8.8 cm TL, consisting of only 1
and 2 year old fish. The length-at-age data from Mtoni
were therefore not fitted to either of the two growth
models. The open circles in Fig. 5 clearly show how the
length-at-age estimates for Mtoni fish differ from those
for fish of the other sampling sites.

Discussion and conclusions

The assessment of the stable nitrogen signature of
mudskippers demonstrated elevated nitrogen signatures
in some mangroves. Since the mudskipper populations
occupy the same trophic levels in the mangroves of
Mtoni and Chwaka (unpublished results), differences in
stable nitrogen isotopes can be attributed to the input of
foreign nutrients into the mangroves (Rau et al. 1981),
rather than to differences in the trophic position of the
fish. Consequently, the higher stable nitrogen signatures
of Mtoni and Rufiji fish show that these mangrove sys-
tems receive a higher load of foreign nutrients than the
other sites in this study. The high input of anthropogenic
nutrients in the Mtoni estuary corresponds with the
higher pollution levels that have been reported for the
area by Machiwa (1992) and Engdahl et al. (1998). In
the Rufiji sampling site the input of nutrients is much

Table 3 Number of otoliths examined for annuli, the number of
otoliths that could be aged successfully and the percent of otoliths
that had to be rejected as unreadable either because they could not
be read at all or did not fit the predetermined protocol for accepting
age estimation

Locality Number Number aged Percentage
examined successfully rejected
Mtoni 68 63 7
Kunduchi 23 22 4
Mbweni 47 43 9
Chwaka 17 14 18
Makoba 46 43 7
Rufiji 66 60 9

lower than in Mtoni and most likely consists of input
from the Rufiji River.

The most conspicuous observation in this study was
the absence of the left eye (unilateral anophthalmia) in a
part of the mudskipper population in the Mtoni man-
groves, while no such abnormalities were found in the
other populations. The eyes are formed as outgrowths of
the diencephalon during the neurula stage early in the
embryonic development (Kimmel et al. 1995), and the
occurrence of serious eye defects indicates the interfer-
ence of pollutants with these early inductive processes
(Weis and Weis 1977; Nakayama et al. 2005). The
occurrence of malformed eyes is a phenomenon that
naturally occurs at a low frequency during development,
but this frequency can increase as a consequence of
exposure to a variety of environmental, chemical and
genetic agents (Stromland et al. 1991).

Remarkably, the malformations in the Mtoni fish
were restricted to left-sided anophthalmia with normal
development of the eye sockets on both sides. During
normal eye development the chokh/rx3 genes regulate
evagination of the retinal progenitor cells into optic
vesicles (Fantes et al. 2003; Loosli et al. 2003). Sponta-
neous mutation of the rx3 gene has resulted in the
occurrence of uni- and bilaterally anophthalmic em-
bryos in Japanese medaka (Oryzia latipes) following the
failure of optic vesicles to evaginate (Ishikawa et al.
2001). In the medaka embryos the skeletal structures of
the empty eye sockets also appeared normal. In contrast
to the findings in our study unilateral anophthalmia in
the medaka embryos occurred on either sides at equal
frequencies (Y. Ishikawa, personal communications).
Anophthalmia has also been observed as a transgener-
ational toxic effect in the offspring of female medaka
that were experimentally exposed to tributyltin (Na-
kayama et al. 2005). To our knowledge no previous
accounts of anophthalmia in wild fish populations have
been described in the literature.

The frequency and specificity of eye deformities at
Mtoni, in combination with the complete absence of
visible deformities in mudskippers from the other man-
groves, strongly suggest that the deformities encoun-
tered are not the results of infections, nor are they
inborn aberrations. Moreover, the anophthalmic indi-
viduals were collected at various times during the study
period, suggesting that the occurrence is not related to
any specific event.

Since the collection of larval or juvenile mudskippers
from their underground burrows is very difficult, all
observations of anophthalmic individuals in Mtoni
concerned adult fish. Generally, the number of mal-
formed fish that survive decreases with development and
few individuals with abnormalities survive until adult
stages (Klumpp and Von Westernhagen 1995). Simi-
larly, only few medaka embryos that developed anoph-
thalmia following maternal exposure to tributyltin
hatched successfully, and none survived for more than a
few days (Nakayama et al. 2005). Hence, it is well pos-
sible that the anophthalmic mudskippers which survived
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Table 4 Age-length keys for mudskippers from the six mangrove localities and all localities combined

Age/length 4.0-4.9 5.0-5.9 6.0-6.9 7.0-7.9 8.0-8.9 9.0-9.9 10.0-10.9 11.0-11.9 12.0-12.9 13.0-13.9 14.0-14.9 15.0-15.9 16.0-16.9 Total

Mtoni

Total 0
All localities
1 1

2
3
4
5
6
T

otal 1

10

10

13

25

11
16

27

16

16
24

73

6
26

32

[\ N

10

— A —

12

72

18
42
0
0
0
0
0 0 0 0 0 0 60
9
1 1 5
1 3 6
0
1 1
1 1
3 4 1 0 0 0 22
8
23
7
2 1 3
1 1 2
0
0 2 1 1 1 0 43
0
2
1 1 2 5
1 3 1 1 6
1 1
0
2 4 4 1 0 0 14
4
6
2 1 8 1 20
3 3 3 10
1 2 3
0
2 4 12 6 0 0 43
28
26
6
0
0
0
0 0 0 0 0 0 60
66
1 1 104
6 2 10 1 45
1 8 5 4 19
1 2 3 1 7
1 1
9 11 18 8 1 0 242

until adulthood form only a small percentage of the total
number of mudskippers that were malformed during
development.

The relationship between the length and weight in
mudskippers follows the same trend in all mangroves in
this study and is comparable to the relationship found
for the Atlantic mudskipper, Periophthalmus barbarus
(Etim et al. 1996). Nonetheless our data show that the

fish in Mtoni and Rufiji have a limited size range in
comparison to the other four sites.

Although the increment patterns in mudskippers of
the genus Periophthalmus are not very clear (Etim et al.
2002), the use of growth zones as annual increments was
validated for P. argentilineatus in this study. The ageing
study revealed that fish communities in the mangrove
forests of Chwaka, Kunduchi, Makoba, Mbweni and
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Table 5 Parameters of the Schnute or the von Bertalanffy growth equations that best described the growth of the fish in five localities

Locality Von Bertalanffy Schnute

L. K o a b Ll L2 5] 23
Kunduchi (A) 13.55 0.39 —0.76 - - - - - -
Mbweni (A) - - - 0.62 2.01 6.57 15.23 1.00 5.00
Chwaka (A) 12.92 1.83 1.26 - - - - - -
Makoba (R) - - - 1.08 -3.90 6.55 14.29 1.00 5.00
Rufiji (R) 10.13 0.49 —0.87 - - - - - -
All localities (R) - - - 1.02 —-3.99 6.48 15.22 1.00 6.00

A Absolute error structure, R relative error structure

Table 6 Best-fit model estimates for length-at-age and lower and upper 95% confidence intervals

Locality Age Best fit Lower 95% conf. int. Upper 95% conf. int.

Mtoni 1 7.72+0.49

(mean + SD) 2 8.08+0.42

Kunduchi 1 6.76 5.82 7.91
2 8.96 8.26 10.46
3 10.45 9.47 11.04
4 11.46 9.76 12.38
5 12.14 9.79 13.55
6 12.60 9.79 14.80

Mbweni 1 6.57 6.34 7.07
2 7.62 7.52 7.79
3 9.26 8.91 9.33
4 11.71 10.89 11.87
5 15.23 14.53 15.88

Chwaka 2 9.61 7.47 11.04
3 12.39 11.43 12.98
4 12.84 12.20 13.56
5 12.91 12.24 14.48

Makoba 1 6.57 4.47 8.78
2 8.69 7.84 10.76
3 10.72 8.80 11.44
4 12.69 10.57 13.50
5 14.59 11.32 18.18

Rufiji 1 6.14 5.96 6.38
2 7.70 7.46 7.83
3 8.66 8.29 9.30

All localities 1 6.48 6.29 6.67
2 8.27 8.13 8.46
3 10.36 10.09 10.65
4 12.49 12.13 12.65
5 14.20 13.65 14.55
6 1522 14.10 16.31

Rufiji consist of several age classes between 1 and
6 years, while the Mtoni population consists merely of 1
and 2 year old fish. The absence of mudskippers older
than 2 years of age in the Mtoni population suggests
that the fish disappear from the habitat in high numbers.
Because mudskippers do not have a swimming bladder
and are not very good swimmers, emigration by adult
fishes is not likely. Higher mortality rates after the age of
2 years in the Mtoni population in comparison to the
other populations are a more likely explanation. Mor-
tality during later life stages can occur as a delayed effect
of exposure to pollutants at early age (Heintz et al.
2000).

The length-at-age data do not show any absolute
differences between the fish from Mtoni and the other

sites, but nonetheless the growth pattern of the Mtoni
mudskippers differs from the other growth patterns
observed in this study. The mean length of the Mtoni
fish at the age of 1 year appears to be comparable to the
length of fish in the other populations but the growth
seems to be stunted to the end of the second year.
Growth can be affected by all factors that contribute
to habitat quality. However, abiotic factors and pressure
from predation and fisheries do not seem to differ be-
tween the mangrove sites, whereas the high input of
foreign nutrients distinguishes Mtoni from the other
sites. The growth effects and the absence of older age
classes in Mtoni correlate to the high degree of envi-
ronmental pollution as indicated by the stable nitrogen
isotopes. Reductions in fish growth have been described
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shows the predicted growth and the dashed lines depict the 10 and
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for a variety of pollutants (Marr et al. 1996; Heintz et al.
2000; Laroche et al. 2002; Makita 2003).

In the sediments of the Mtoni estuary heavy metals,
OCPs, PCBs and PAHs have been found at concentra-
tions of 13.3-44.3 pg lead/g dw, (Machiwa 1992), 11.7-
43.9 ng/g dw (Mwevura 2002), 9-70 pg/g (Machiwa
1992) and 132-164 pg/g dw (Machiwa 1992), respec-
tively. These concentrations are below the values re-
ported for highly contaminated sites (e.g. lead
35-160 pg/g dw, Wong et al. 2000; total OCPs 4.45-
311 ng/g dw, Hong et al. 1995; total PCBs 1.4-329.6 ng/
g dw, Wurl et al. 2005; PAHs 1,013-8,503 ng/g dw,
Wong et al. 2000), but could nonetheless cause adverse
effects (Klumpp et al. 2002). Because pollution in the
estuary is complex (Machiwa 1992) the observed adverse
effects in Mtoni might, however, also be caused by
pollutant classes which have not yet been analysed. Since
both suppression of growth and disturbance of eye
development have previously been attributed to the
genotoxicity of environmental pollutants (Heintz et al.
2000; Nakayama et al. 2005), this might be the mode of
action via which the observed defects in Mtoni have
been caused. Further research is needed to identify the
cause of the observed effects.

We conclude that there is a correlation between the
degree of physiological and morphological deviations
reported in this study and the extent of pollution in the
different sites as indicated by stable isotope results and
reports in the literature. The observed effects on
growth and morphology suggest that the early stages
of embryonic development are the life stages of the
mudskippers that are most affected by pollutants. This
damage may either have been inflicted by the direct
exposure of developing fish to pollutants, or may have
resulted from parental exposure to pollutants. Since
the effects in Mtoni concern the whole population and
have been found at different points in time, the
anticipated causative agents are either continuously
present in the mangroves and expose every generation
anew, or damage caused by a past pollution event that
is passed on from generation to generation. Both sce-
narios imply that environmental pollutants in the
Mtoni estuary have effects not only on the level of
individuals but also on the population level. Since
many fish species, including seagrass and coral reef
species, are dependent on the mangroves for parts of
their life cycle (Nagelkerken and van der Velde 2004),
the effects of pollution on mangrove populations
deserves more attention. Pollution is likely to reach
beyond the strictly mangrove-resident species and
might also influence fish populations in other coastal
ecosystems.
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