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Abstract

The importance of restoring and maintaining environmental flows for sustaining the ecosystem integrity of rivers
and estuaries has been recognized and given proper attention in policies and legal frameworks in many countries
including Tanzania. The Wami River estuary is small but it plays a vital role in processing riverine nutrients, in
trapping sediment, in recycling nutrients in the mangroves, and in supporting the ecology of the Saadani National
Park and the livelihood of the local communities. The proper functioning of this estuary to a large extent depends
on adequate supply of freshwater flows. Our studies reveal that currently the estuary is ecologically healthy but
it is threatened by both increasing sedimentation and declining freshwater flow caused by decreasing rainfall -
possibly linked with climate change - and by increasing water demand in the watershed for artisanal and large scale
agriculture and irrigation schemes. Environmental flow assessment for the Wami River (with exclusion of estuary)
has been done and the minimum flows were recommended. However, like in many other rivers in the country,
effective implementation of recommended environmental flows remains to be a challenge. In order to maintain
a healthy estuarine ecosystem in the future, it is the obligation of the WRBWO now to stick to and enforce the
recommendations of its own environmental flow assessment to regulate water usage in the watershed. A similar
recommendation also holds for all other rivers and estuaries in Tanzania.

Keywords: Minimum environmental flow requirement; Salinity;
Sedimentation; Mangroves; Fisheries; Wildlife; Local economy.

Introduction

Many rivers in the world are suffering from hydrological alterations
which result in degradation of aquatic habitats. Changing hydrological
regime of the river affect water quality, sediments, nutrients supply
and biotic interactions within the river and their associated estuaries.
Recognition of the importance of maintaining the natural flow regime
for sustaining the ecosystem integrity of rivers and estuaries has led
to development of environmental flow (EF) concept and international
organizations such as World Conservation Union (IUCN) are
emphasizing on the EF as key element of integrated water resources
management Dyson et al., [1]. There are various definitions of
environmental flow but the Brisbane declaration of 2007 (http://www.
watercentre.org/news/declaration) defines EF as "the quantity, timing,
and quality of water flows required to sustain freshwater and estuarine
ecosystems and the human livelihoods and well-being that depend on
these ecosystems". In estuarine environments, EF plays a major role
in salinity gradients, mixing patterns and water quality, flushing time
(residence time), productivity as well as distribution and abundance of
estuarine biota. In Tanzania, EF assessments are supported by policy
and legal frameworks such as Tanzania Water Policy of 2002 [2], the
Environmental Management Act of 2004 [3] and Water Resources
Management Act of 2009 [4]. EF studies have been conducted in some
rivers such as Pangani, Wami, Ruvu, Rufiji and Mara [5]. For the
Wami River, the study was done in 2007 and 2011 [5,6]. The required
minimum flows for both dry and wet years were recommended.
However, both studies ignored the freshwater needs of the estuary.

Throughout the world estuaries are known to play an important
role in human well-being and the economy, but they are increasingly
threatened and, as a response, science-based management and
restoration strategies are continuously evolving [7-12].

Furthermore, the functioning of estuarine ecosystems, and
their responses to changing abiotic and biotic factors, are system-
specific and strongly dependent on the size of the estuary, its latitude,
watershed properties and human activities within [12]. Much of the
available knowledge is derived from large estuaries where the response
to changing environment is slower than that of small estuaries [13].

The Wami estuary falls under the management authority of
Saadani National Park (SANAPA) and the whole Wami River under
the management authority of the Wami-Ruvu Water Basin Office
(WRWBO). The estuary is a lifeline for SANAPA wildlife and people
during the dry season where most of the water sources inside the
park are dry. It is also the main source of income to Saadani village
and adjacent coastal communities through fishery as well as through
tourism. Prior to gazetting of the National Park in 2005, the estuarine
condition was threatened by increased destruction of mangroves which
were heavily exploited for charcoal, fuel wood, and poles, as well as
destroyed for creating open inter-tidal areas used for salt production.
Local communities have complained about decreasing catch of prawn
and fish, local extinction of some fish species, changing water quality
particularly increasing water salinity at the estuary as a result of
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decreasing EF, and increasing sedimentation at the mouth of the estuary
and in near shore waters where the fisheries are located. However,
majority of their claims were based on anecdotal information but there
is no sufficient scientific evidence to justify the claims. The Wami River
estuary plays a vital role in processing riverine nutrients, in trapping
fine sediment, in recycling nutrients in the mangroves, in supporting
wildlife and the ecology of the National Park as well as the livelihood of
the local communities. Nevertheless, the Wami estuarine ecosystem, its
fisheries, the National Park and the local economy are now threatened
both by increasing sedimentation and by declining freshwater flow in
the Wami River due to decreasing rainfall - possibly linked with climate
change - and by increasing water demand in the watershed mainly for
artisanal and large scale agriculture and irrigation schemes.

In this paper we show how the estuary is/will be impacted as
a result of changing EF and we give emphasis on the importance of
effectively implementing the recommended flows by both SANAPA
and WRBWO to sustain the estuary. We focus on changing water
quality, salinity gradients and mixing patterns, sedimentation, flushing
(residence time), nutrient budget and productivity with respect to
changing hydrology of the river particularly during wet and dry
seasons. We show how the inclusion of estuary to SANAPA in 2005
was important in safeguarding the mangroves which help in trapping
sediments and nutrient recycling by crabs as well as in protecting other
estuarine wildlife such as hippopotami of which their populations have
been observed to increase. We also show that the trapping of sediment
by the mangroves help to buffer the sea grass meadows in coastal waters
from excessive sediment load, although whether this is enough to
preserve the sea grass is unknown and requires further research.

Methods
Study area

Wami River estuary is located in Northern coast of Tanzania
between 06°07°213 S, 038°48°965 E and 06°07°155 S, 038°48°886 E
[14]. The Wami-Ruvu basin covers an area of 72,930 km? but the Wami
River drains about 40,000 km? of that area [15]. The tides are semi-
diurnal with a strong diurnal inequality, with spring tides reaching 4 m.
The tidal influence extends up to 8 km upstream. The average depth in
the estuary is 2.5 m and 3.5 m during dry and wet seasons respectively.
It supports extensive mangrove ecosystems and their associated inter-
tidal organisms [15,16]. The main fringing vegetation types along
the estuary are mangroves, palms and Acacia woodland mixed with
grassland. There are eight species of mangroves but the dominant
species are Sonneratioa alba, Avicennia marina, Xylocarpus granatum,
Rhizophora mucronata and Heritiera litoralis. Patchy seagrass meadows
occur in coastal waters all along the coast (Figure 1).

Hippopotami, crocodiles, and water birds are common along the
estuary, while numerous wild animals such as ungulates and colobus
monkeys access the upper estuary for drinking freshwater. Though
small, the estuary supports one of the important prawn fisheries in
Tanzania [16].

Hydrology data

Wami River discharge data from the Mandera hydrometric station
(located about 50 km from the estuary) were obtained from WRBWO.
The data were processed and used to indicate changes in freshwater
flow to the estuary. Local rainfall data were obtained from Tanzania
Meteorological Agency while evaporation data were obtained from
Nyenzi et al. [17].

Environmental variables

Physical, chemical and biological data were obtained along a
transect from the river to offshore at five sites shown in Figure 1 at
different times during dry (July-October) and wet seasons (March
-June) between 2007 and 2015. Water samples were collected using a
Niskin bottle near the surface, at mid-depth and near the bottom at
each sampling site. From these samples, water salinity, temperature,
dissolved oxygen and pH were measured in situ. Different instruments
were used depending on the availability such as the HORIBA model
U-10 and BANTE 900P portable multi parameter meters. Salinity was
measured using a hand-held refractometer. A secchi disk of 20 cm
diameter was used for measurement of water visibility.

Nutrients and total suspended solids (TSS)

Water samples for nutrient and TSS analysis were collected using
a Niskin bottle and stored in acid washed 1 L plastic bottles, rinsed
with distilled water and re-rinsed with water from the sampling site
two to three times. All samples were immediately stored in an iced
cool box. In the laboratory, these samples were filtered using BOECO
glass-microfibre discs (filters) grade MGC with 0.45 pm pore size and
GF/C Whatmann glass-microfiber filters of 4.7 cm diameter. A volume

I e B T L

0 125 220 500 Kiomsiar

Mangroves

Park boundary
o
&
6 ki
i 5

)
S

Figure 1: Location of study area and sampling sites 1-5. The arrow indicates
the direction of the prevailing net longshore northward current (http:/
www.gloss-sealevel.org/publications/documents/tanzania_gex2007.pdf).
Patchy seagrass meadows occur all along the coast and they are readily
apparent in satellite images although they have not been mapped in detail
(http://www.seagrasswatch.org/Shop/SG_atlas.pdf). The outline of the
river plume (dashed line) is sketched from visual observations.

Hydrol Current Res
ISSN: 2157-7587 HYCR, an open access journal

Volume 6 + Issue 2 *+ 1000205


http://www.gloss-sealevel.org/publications/documents/tanzania_gex2007.pdf
http://www.gloss-sealevel.org/publications/documents/tanzania_gex2007.pdf
http://www.seagrasswatch.org/Shop/SG_atlas.pdf

Citation: Kiwango H, Njau KN, Wolanski E (2015) The Need to Enforce Minimum Environmental Flow Requirements in Tanzania to Preserve
Estuaries: Case Study of the Mangrove-Fringed Wami River Estuary. Hydrol Current Res 6: 205. doi:10.4172/2157-7587.1000205

Page 3 of 10

of 300-400 ml was filtered depending on how turbid the water was.
Filtrate was used for nutrient analysis while filter papers containing
residue were used for TSS analysis.

Dissolved Inorganic Phosphate (DIP) was determined by using the
ammonium molybdate method. The procedures followed were adapted
from Murphy and Riley [18]. Dissolved Inorganic Nitrogen (DIN)
determination was done following the cadmium reduction method
described by Parsons et al., [19]. TSS analysis was performed following
the protocol described by APHA [20].

Residence times and the fate of riverine nutrients

The residence time of water in the estuary and the fate of riverine
nutrients in the estuary were calculated using the muddy LOICZ model
of Xu et al,, [21] for the dry season when the estuary was vertically well-
mixed, and of Xue et al., [22] during the wet season when the estuary
was vertically stratified. The model assumes steady state. The surface
area of the estuary was estimated from Google Earth and the volume
was calculated based on mean depth for wet season (3.5 m) and dry
season (2.5 m). The rainfall and evaporation data together with data
obtained on salinity, DIN, DIP and TSS were used in the LOICZ model
to calculate the Net Ecosystem Metabolism (NEM; also called (p-r),
where p is the production and r is the respiration) and the Nitrogen
fixation rate minus the denitrification rate (Nfix-Denit).

Sediment trapping in mangroves

Sediment trapping in mangroves was measured using the method
of Golbuu et al., [23]. PVC traps 20 cm long and 2.5" diameter closed
at the bottom were deployed on four transects within the mangrove
forest. Each transect had 4 traps deployed at a distance of 10 m from
the river bank to up to 800 m inside the forest depending on the width
of the mangrove forest strip. A hole was dug and a trap was put in up to
15 cm leaving the other 5 cm above the ground level. After a month, all
traps were removed, sediments put in a container, dried and weighed.

The role of crabs in recycling mangrove litter

The role of crabs in recycling mangrove litter was measured using
the method of Smith et al., [24] and Lindquist et al., [25]. Three plots of
10 x 10 m were established, species identified, counted, height estimated
and diameter at breast height (dbh) measured. In each plot 100 new
leaves were picked from trees and each leaf was tightly tied with a 1 m
string. The leaves were spread evenly throughout the mangrove floor
within the plot. This was done at low tide. We returned at low tide again
after a tidal cycle and looked for the strings that remained. While a few
leaves remained at the surface, most of the leaves either were in crab
holes or were absent, having been exported to the estuary by the tides.
The mean value of the number of leaves exported to the river for all
three plots was calculated.

Movement of hippo in different seasons and their impact on
mangroves

Physical observation of hippos’ movement during wet and dry
season was done to see if they shift from their local territories during
changing flows. We also wanted to know if their movements within
the mangrove forest impact the vegetation. Therefore we located their
tracks along a 2 km stretch along the mangrove-fringed river banks.
Whenever tacks were seen, GPS coordinated were taken following the
tracks after every 10-20 m intervals for a distance of about 150-200 m.
All tacks were then mapped.

Results
Hydrology

Rainfall in coastal Tanzania varies strongly seasonally and inter-
annually. Rainfall is bimodal with long rainy (wet) seasons occurring
between March and June and the short rainy season occurring between
November and December. The long dry season occurs between July
and October and the short dry season between January and February.
Mean annual rainfall varies between 900-1000 mm [26]. As a result,
the Wami River discharge also varied seasonally and inter-annually.
From 1954 to 2014, the mean annual discharge varied inter-annually
between a maximum value of 241.9 m’s* and a minimum discharge
of 16.9 m® and this discharge was not correlated (r?=0.04) with the
Southern Oscillation Index (SOI; Figure 2).

Because the residence time of water in the estuary is very short,
what controls the flushing of the estuary is not the mean annual
flow but the daily mean discharge. Historical data shows that during
extremely wet years the discharge exceeded at times 600 m’s™, but in
dry years that discharge was about 120-150 m’s™" (Figure 3a). However
that discharge was much reduced during the dry season and, in recent
years, the minimum discharge varies between 0.2 and 5 m’s"! during
dry and wet years respectively (Figure 3b). Since the data were recorded
starting in 1954, there is a decreasing trend in the minimum discharge
for both wet and dry years (Figure 3b).

Environmental variables

The Wami Estuary is a warm system throughout the year with
temperature range between 27.5°C and 31.9°C (not shown). Dissolved
oxygen varies between 6.4 to 11.9 mg 1! during the dry season and 5.4
to 6.7 mg 1! during the wet season (not shown). The estuary was very
turbid as the secchi disk readings varied from 0.025 to 0.04 m during
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Figure 2: Time-series plot of the annual mean (a) Southern oscillation index
and (b) Wami river discharge.
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Figure 3: Time-series plot of (a) the daily Wami river discharge during the study period and (b) the minimum daily discharge from 1954 to 2014 together with the

suggested trend lines for wet and dry years.

the wet season and 0.2 to 0.7 m during the dry season. By contrast the
secchi disk reading at site 1, in coastal waters, was typically about 4 m.
The minimum value for pH during both wet and dry seasons was 7.6
and the maximum values varied from 8.1 in the dry season to 8.9 in
the wet season (not shown). Higher values of pH were observed in the
upper reaches of the estuary and followed a decreasing trend towards
the river mouth. This trend coincides with increasing salinity towards
the river mouth.

During the dry season, the estuary was vertically well mixed, with
salinity of about 30 ppt at the mouth, and salinity reaching the whole
estuary (i.e. up to the tidal limit) with salinity up to 7 ppt at the tidal
limit (Figure 4a).

In contrast, during the wet season the estuary was highly stratified
in salinity with surface salinity of less than 7 ppt and bottom salinity
of 35 ppt at high tide at the mouth. This salinity extended only 1-2 km
upstream from the mouth and the remaining part of the estuary was
freshwater (Figure 4b). Atlow tide the water was fresh at the mouth and
the 1 m thick river plume extended up to 2 km offshore in the Indian
Ocean and during our observations it was always deflected northward
alongshore by the prevailing net currents sketched in Figure 1.

Nutrients and TSS

In dry season, DIN values shows high variation where low values
were obtained in the upper reaches of the estuary (0 uM), increased
towards the mid estuary (17.9 uM) and decreased towards the ocean
(9.2 uM). On contrary, in wet season the variation is very low compared
to dry season with lower values in the upper estuary (0.036 uM) and
slightly increased in mid estuary (0.049 uM) and the ocean (0.042 uM).
A similar trend was observed for DIP in dry season with low values in
the upper estuary (6 pM), higher values in mid estuary (26.7 uM) and
decreasing values towards the ocean (16.9 ptM). In wet season, the DIP
values showed a decreasing trend with higher values in upper estuary

(0.283 uM), and decreasing values in the mid estuary (0.174 uM) and
(0.045 pM) towards the ocean. TSS varied between 0-68.56 mg/L in dry
season with low values in the upper estuary while in wet season TSS
varied between 50-427 mg/L with low values in the ocean and higher
values in the mid and upper estuary.

Residence times and the fate of riverine nutrients

The residence time of water, calculated using the LOICZ model,
was about 6.9 days during the dry season during dry years and 0.5 days
during the wet season during wet years. The fate of riverine nutrients
is indicated in the the Net Ecosystem Metabolism (NEM) which
was positive (98.3 mmol C/m?/day) in the wet season and negative
(-10179.3 mmol C/m?/day) in the dry season. Moreover, the Nitrogen
fixation rate minus the denitrification rate (Nfix-Denit) was positive
(15.07 mmol DIN/m?*day) in the wet season and negative (-1532.84
mmol DIN/m?/day) in the dry season.

Sediment trapping in mangroves

In the wet season, the Wami River supplied fine sediments at a
rate of about 3,763 tons day’ and about 452 tons day’ was trapped
in mangroves. In the dry season, the riverine fine sediment inflow
decreased to about 18 tons day’, and the fine sediment trapped in
mangrove was about 195 tons day. Also in recent years sedimentation
has been observed in the Wami delta, and in turn this promoted the
expansion of mangroves (Figure 5).

The role of crabs in recycling mangrove litter

High percentage of mangrove litter (57%) was consumed and
recycled by crabs in their holes in the mangrove soil while 32% of the
remaining litter was exported to the estuary and the small percent
(11%) remained on the ground to decompose in the mangrove floor to
contribute to soil nutrient.
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Figure 5: Mangrove growth in the delta due to increasing sedimentation. Note the growth of the small mangrove island (in the ellipse) and the narrowing of the tidal
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Movement of hippo in different seasons and their impact on
mangroves

Hippos are territorial animals only in water but not on land where
they normally graze especially during the night. During the dry season
hippo were observed to stay in six groups (schools) within the estuary
with the first school located in between sampling station 2 and 3. In
wet season when the estuary is mainly freshwater dominated, hippo
groups were observed to split, form temporary schools and disperse
throughout the estuary. Some hippos were located very close to the
river mouth.

Hippos and other wildlife (principally elephants and buffaloes)
may contribute to bank erosion (Figure 6a) but only at specific points.
These are the points where the hippos crossed the mangrove forest
on their way to grazing land but they didn’t destroy the mangrove
vegetation (Figure 6b). Their tracks were fairly straight, indicating that
they choose short distances within mangroves and rapidly cross the
mangrove forest before they reach the grazing areas; by doing so they
create paths which are then used by other animals (Figure 6c¢).

Discussion

The hydrology of Wami River based on discharge data shows
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Figure 6: Hippo tracks (a) in the banks of the estuary and (b) in the mangrove forest. (c) Tracks of a small ungulate within a hippo track.

a declining trend, yet there has been increasing demand on water
resources within the Wami River watershed for large scale agriculture,
irrigation, industrial production and drinking water supply projects
[6,26,27]. This declining trend together with increased upstream
activities have contributed to the alteration of natural flow and water
quality of the Wami River. Four of the six lowest river flows recorded
in any year since 1954 occurred in the last five years (Figure 2). Also,
there is a decreasing trend of the minimum flows in both wet and dry
years (Figure 3). In dry years at present the salinity reaches 7 ppt at
the tidal limit and this is a crisis for the wildlife as it cannot drink the
water. As the animals in SANAPA could not drink this high salinity
water, they either moved in the extremely shallow (depth of season
in dry years, or they moved in the upper estuary to drink at low tide
during ‘normal’ years, and other animals migrated out of the park in
search of water and some were killed. There are also other indicators
of change. Before 2007, the estuary was only moderately turbid with
turbidity varying between 75 and 444 NTU during the dry and wet
seasons respectively [28]. The turbidity has been increasing even after
the EF studies in 2011, where TSS up to 300 mg/L was measured in
the closest site to the estuary and in our study the highest value during
wet season was about 427 mg/L within the estuary. The main causes
of high turbidity in the estuary could be increased sediment load from
the watershed from changing land-use, ongoing road constructions in
upper regions of the catchment, bank erosion as well as re-suspension
of bottom sediments by hippos, but the data are unavailable to quantify
the relative importance of these processes. There is no doubt however
that the estuary is silting (Figure 5). There were also changes in the pH,
and these may be driven by the geochemistry of the Wami River [6,29]
since the values of pH increased in the wet season when the system was
autotrophic. However, other environmental variables and nutrients are
within the acceptable levels as indicated in GLOWS-FIU (2014) [6].

The decreasing trend of minimum flows in the Wami River

implies increasing dry season salinity in the estuary. In turn this will
have an impact on the estuarine ecosystem because salinity influences
the reproduction, growth, abundance, distribution and diversity of
estuarine species [30-35]. While the fluctuations in salinity within
the estuary is a common phenomenon [36], different estuarine
organisms tolerate differently these fluctuations and most of them can
survive within very narrow ranges of salinities [2,37,38]. For example,
change in water quality is indicated by changing fish composition
and distribution upriver as some of estuarine fish were caught in dry
season at Matipwili approximately 20 km from the estuary [6]. The
changes in the salinity in the Wami River estuary may have similar
impacts to many studied aquatic environments and can be expected
to modify the species distribution, the composition and abundance,
the mortality of sensitive species, the replacement of freshwater species
by salt tolerant species, and the spawning, embryonic development,
larvae development and hatching success of some species [32,33,39-
41]. Studies on the effect of salinity for specific groups of aquatic biota
of Wami estuary need to be done in the future to better understand the
impacts of changing salinity patterns.

EF studies conducted in 2007 and 2011 for the Wami River
recommended required flows for different selected sites, but excluded
the estuary. The recommendations were based on ecological and
geomorphological flows in the driest years (Table 1).

During the wet season, the Wami River estuary is flushed in less
than a day and the ecosystem appears healthy with no apparent stress
to fauna or flora. Such is not the case however in the dry season when
the water residence time is typically ~7 days and thus the health of the
estuarine ecosystem depends on the daily river discharge — even short
periods of river discharge less than 1 m®, a common occurrence in
the dry season (Figure 3), result in excessively high salinity.

Though the estuarine flushing rate was very high in wet season,
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Month Driest year Maintenance year Wettest year
RAD AAD RIP RAD AAD RIP RAD AAD RIP
Oct 3 43 13.3 13.3 23 65
Nov 3 5.9 14 26 23 265.9
Dec 7.7 15.9 27.3 54.6 59.8 503.9
Jan 7.7 10.1 32.8 65.7 96.5 412.9
Feb 7.7 12.3 24.6 49.2 133.3 325.1
Mar 5.6 5.6 52.4 69.9 170 466.6
Apr 21.7 102.1 48(T<1yr) 65 192.9 53(T<1yr) 170 1240.5 170 (T<1.1yr)
May 21.7 261.7 65 145.4 170 465.9
Jun 15.5 42.6 375 49.9 91.4 182.8
Jul 9.2 27.9 20.8 27.7 30.1 60.3
Aug 3 15.4 14 211 23 51.3
Sep 3 10.4 14 1505 23 61.5

Table 1: Recommended EF (m® s) of the Wami River at Mandera. (RAD: Recommended Average Discharge; AAD: Available Average Discharge; RIP: Recommended

Instantaneous Peak Discharge) (Source: GLOWS - FIU, 2014).

where EF is high, the estuary was autotrophic as the system produces
more than it consumes (NEM=98.32 mmol C/m*/day). In dry season,
when EF is reduced the flushing time was much longer than in the
wet season but the estuary consumption was higher than production
(NEM=-10179.290 mmol C/m?/day). Moreover, Nfix-Denit was
negative in dry season (-1532.84 mmol DIN/m?*/day) and positive in
wet season (15.07 mmol DIN/m?/day) indicating that net denitrification
occurred in the dry season and net nitrogen fixation occurred in the
wet season. These results indicate that if the EF will continue to decline,
there is a high chance of the estuary to become unproductive.

The effect of estuarine water residence time T _on NEM has been
studied by Swaney et al., (2011) [13] for more than 200 estuaries
worldwide using the LOICZ model; a strong negative correlation exists
between NEM and 7, (Figure 7). The results indicate a decreasing net
ecosystem metabolism as the residence time increases. However, the
Wami River estuary data did not follow that trend line. We suggest that
this is because these 200 estuaries plotted in the graphs did not include
many small estuaries with very small flushing times, neither do they
have mangroves and hippos. Our study suggests that the contribution
of mangroves and hippos to nutrient cycling in the estuary is not
negligible.

Mangroves in estuaries are known for their contribution to nutrient
cycling in the estuary by absorbing some nutrients from water and
releasing nutrients through leaf litter as detritus [42]. Detritus derived
from mangrove leaf fall provides important source of food for macro-
invertebrates such as sesarmid crabs. High concentrations of tannins
in mangrove leaves prevents them from being eaten by many estuarine
organisms except crabs since tannin interfere with protein digestion.
Sesarmid crabs are well known for their ability to transport, retain
and consume large quantities mangrove leaves in their burrows [43].
However, in the wet season the effective contribution of mangrove litter
to nutrients in the estuary may be smaller than during the dry season
because materials are quickly flushed out to the sea; by contrast in the
dry season the residence time is large enough for mangrove litter to
decompose and contribute to nutrient cycling before they are flushed
out. However no definite answer can be given because no studies have
been done in Wami mangroves to measure the rate of decomposition
of mangrove plant litter and its likely seasonal variation.

Though the mangroves were in theory protected by law since
1994 under the Mangrove Management Project [44], in practice the
mangroves of the Wami River estuary continued to degrade due to
imbalance between effective law enforcement and increased mangrove

harvesting mainly for charcoal and building materials which were
exported to Zanzibar. From 1990 to 2005 the mangrove forest cover
was reduced by 27% (27.3 ha/y; McNally et al.) [45]. This rate was
reduced to 1.8 ha/y in 2005-2010 as the National Park protection laws
were progressively implemented by effective law enforcement through
regular patrols and arresting of any person who harvest mangrove
within the park's boundaries. As a result, at present the mangroves are
regenerating quickly and naturally as we observed during our study
new mangroves growing in previously clear-felled areas and 2-3 m long
branches sprouting from old cuts (Figure 8).

Suspended sediments transported by river flows are an important
source of organic and inorganic matter in estuarine ecosystems [46,47].
They tend to settle in streambeds and create microhabitats for aquatic
organisms, allow other metals to attach in sediment particles and
provide habitats for pathogens [48]. However, the recent increase
supply of suspended sediments to the Wami River estuarine systems
is large and in most likelihood, by comparison with other estuaries
worldwide, results in higher turbidity, which in turn may cause
reduction of light penetration and photosynthesis, smothering of
benthic organisms, replacement of seagrass by algae, impair predator-
prey visibility, alteration of macro-invertebrates and fish spawning
habitats [12,49-53]. In turn this may reduce prawn and fish catches by
the villagers, but no data are available.

In the wet season, about 12% of the riverine fine sediment inflow
was trapped in mangroves. However during the dry season the riverine
fine sediment inflow accounted for only about 10% of the sedimentation
rate in the mangroves. We suggest that during dry season the sediments
originated from the muddy delta as well as bottom resuspension caused
by the hippos in the estuary. Thus it appears that during the dry season
all the riverine sediment is trapped in the mangroves while during the
wet season about 88% of the riverine fine sediment is flushed out of the
estuary; from visual observations we suggest that much of that sediment
settles in a submerged delta off the river mouth while the remaining fine
sediment is transported northward longshore in the river plume and
presumably deposits over the patchy seagrass beds in coastal waters
(Figure 1). During the dry season 60% of that exported fine sediment
returns in the estuary to be trapped in the mangroves. The expansion of
mangroves results in increased trapping of fine sediment in the Wami
River estuary during a year. However because fine sediment is exported
to coastal waters during the wet season, and from visual observations
this appears to be increasing due to deforestation in the watershed, it
is not known if the increased riverine sediment inflow degrades the
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Figure 7: Scatter plot of the Net Ecosystem Metabolism versus the estuarine water residence time 1x for (a) autotrophic systems (p-r>0) and (b) heterotrophic systems
(p-r<0). (m=Wami River estuary; Swaney et al., [13]).

March 2015

Figure 8: Mangroves recovering in the Wami River estuary since the National Park was gazetted in 2005. Note the tree that has grown by 2015 from the trunk left by
loggers in 2003.

seagrass in coastal waters, which supports the local prawn fisheries. land (where they graze) to the estuary (through defecation). While
Studies are needed on the status of those seagrass meadows. there are no census data, visual observations indicate an increasing

The hippos, all refugees from outside the National Park, are population of hi}?po after protection of the estuary in 2005. The hippos
an important tourism attraction, and thus important to the local € not destructive of the mangrove forest, but they do create paths
economy, but at the same time they are new to the environment and which are then used by other animals (Figure 6). They also contribute
they modify it. Hippos contribute to cycling nutrients from terrestrial ~ t© bank erosion (Figure 6) and stirring the bottom and this increases
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the turbidity. Distribution and movement of hippo in the estuary also
depends on EF as their movements have been observed to change with
changing freshwater flow in different seasons associated with changing
salinity patterns within the estuary. However, these movements
will only be sustained if the EF recommendations will be effectively
implemented. Otherwise under worst case scenarios if there is no
enough water, hippos will be forced to change from their territorial
behavior and coexist in large groups within the uppermost reaches of
the estuary where they may find residual freshwater or they may leave
the estuary for other suitable places where they can find enough water.
If this situation happens the SANAPA will lose one of its main tourist
attractions in the park and consequently the economy of the park will
be negatively affected.

On the other hand, the mangroves are more tolerant of salinity
fluctuations. They have developed different mechanisms to deal with
salinity [54]. However, they require regular flushing with freshwater to
balance salinity levels that can be tolerated because excessive salinity
is detrimental to mangroves. If the present trends lead to hypersaline
conditions in the Wami estuary in the future, then mangrove growth
will be impeded and in turn this will prevent fruiting and seed [55-58]
and consequently fisheries will be affected.

Changing uses of the land and water resources in the Wami River
watershed decrease the freshwater flow and increase the sediment load
to the Wami estuary, and this is particularly ecologically important
during the dry season to the level that the whole Wami River
estuary ecosystem seems to be at a tipping point. This has enormous
consequences for the ecology of SANAPA and thus its tourism
potential, as well as for coastal fisheries; and in turn this impacts the
local communities and their economy. Climate change may exacerbate
this crisis because it is predicted to result in increasing frequency of
droughts in Tanzania [6,59-61].

Estuary is a very complex ecosystem since its functioning is
influenced by both river flow and sea water unlike other upriver sites
which are influenced by freshwater flow only. Thus, determination
of EF for the Wami estuary is very crucial as the requirement may be
different from the river. Despite the fact that, the EF of the estuary has
not been done, the recommended EF for upriver sites have not been
effectively implemented due to various reasons including insufficient
resources and capacity as indicated by Dickens (2011) [5].

The Wami River estuarine ecosystem is now in crisis in the dry
season in dry years, and will be increasingly so in the future if effective
measures are not taken.

Conclusion and Recommendation

At present, as reviewed by Elisa et al., [62] and Dickens [5]
minimum environmental flow requirements are not -effectively
enforced in Tanzania. Our study shows that the results of this benign
neglect are disastrous for the Wami River estuary. This estuary itself
falls under the authority of SANAPA, which is enforcing its regulations.
As a result the estuary is ecologically healthy but during the dry season
it is threatened by increasing salinity due to decreasing freshwater flow
in the Wami River. The estuary needs freshwater flow in the Wami
River and the management of freshwater flows of the Wami River falls
within the WRBWO. WRBWO has carried out EF assessments for the
Wami River but it is not effectively enforcing its own recommendation.
In order to maintain a healthy estuarine ecosystem it is the obligation
of the WRBWO now to stick to and enforce the recommendations of
its own environmental flow assessment to regulate water usage in the

watershed. A similar recommendation also holds for all other rivers
and estuaries in Tanzania.

Acknowledgements

We would like to extend our sincere gratitude to NM-AIST for proving funds
and technical support for this study. Special thanks to SANAPA for facilitating the
field work and moral support during the study.

References

1. Dyson M, Bergkamp G, Scanlon J (2008) Flow - The essentials of environmental
flows, (2ndedn), [IUCN Reprint, Gland, Switzerland.

2. URT (United Republic of Tanzania) (2002) National Water Policy. Ministry of
Water and Livestock Development. Dar es Salaam, Tanzania.

3. URT (United republic of Tanzania) (2005) Environmental Management Act,
2004. Government Printers. Dar es Salaam, Tanzania.

4. URT (United Republic of Tanzania) (2009) The Water Resources Management
Act, 2009. Government Printers. Dar es Salaam, Tanzania.

5. Dickens C (2011) Critical analysis of environmental flow assessments of
selected rivers in Tanzania and Kenya. Nairobi, Kenya: IUCN ESARO office
and Scottsville, South Africa, pp. 104.

6. GLOWS-FIU (2014) Climate, Forest Cover and Water Resources Vulnerability,
Wami/Ruvu Basin, Tanzania, pp. 87.

7. Costa MJ, Costa JL, Almeida PR, Assis CA (1994) Do eel grassbeds and salt
marsh borders act as preferential nurseries and spawning grounds for fish? An
example of the Mira estuary in Portugal. Ecological Engineering 3: 187-195.

8. Lindeboom H (2002) The coastal zone: an ecosystem under pressure. In: Field
JG, Hempel G, Summerhayes CP (eds) Oceans 2020: Science, Trends, and
the Challenge of Sustainability, Island Press, Washington, pp. 49-84.

9. Uncles RJ, Stephens JA, Smith RE (2002) The dependence of estuarine
turbidity on tidal intrusion length, tidal range and residence time. Continental
Shelf Research 22: 1835-1856.

10. Wolanski E, Boorman LA, Chicharo L, Langlois-Saliou E, Lara R, et al. (2004)
Ecohydrology as a new tool for sustainable management of estuaries and
coastal waters. Wetlands Ecology and Management 12: 235-276.

11. McKinney RA, McWilliams SR, Charpentier MA (2006) Waterfowl-habitat
associations during winter in an urban North Atlantic estuary. Biological
Conservation 132: 239-249.

12. Wolanski E, Elliott M (2015) Estuarine Ecohydrology. Elsevier, Amsterdam, in
press.

13. Swaney DP, Smith SV, Wulff F (2011) The LOICZ Biogeochemical Modeling
Protocol and its Application to Estuarine Ecosystems, Chapter 9.08 (pp. 135-
159) In: Treatise on Estuarine and Coastal Science. Wolanski E, McLusky D
(eds). Academic Press, Waltham.

14. Mosha EJ, Gallardo G (2013) Distribution and size composition of penaeid
shrimps, Penaeus monodon and Penaeus indicus in Saadani estuarine area,
Tanzania. Ocean and Coastal Management 82: 51-63.

15. Tobey J (2008) A profile of the Wami River Sub-Basin. A report prepared
for the Tanzania Coastal Management Partnership for Sustainable Coastal
Communities and Ecosystems in Tanzania.

16. TANAPA (Tanzania National Parks) (2003) Saadani National Park, Management
Zone Plan. TANAPA/Department of Planning and Project Development.

17. Nyenzi BS, Kiangi PMR, Rao NNP (1981) Evaporation values in East Africa.
Archieves for Meteorology, Geophysics and Bioclimatology 29: 37-55.

18. Murphy J, Riley JP (1962) A modified single solution for the method for the
determination of phosphate in natural waters. Analytica Chimica Acta 27: 31-
36.

19. Parsons TR, Maita Y, Lalli CM (1984) A manual of chemical and biological
methods for seawater analysis. Pergamon Press. Australia.

20. APHA (2005) Standard Methods for the Examination of Water and Wastewater.
(21stedn), American Public Health Association, American Water Works
Association and Water Environmental Federation, Washington D.C, USA.

21.Xu H, Wolanski E, Chen Z (2013) Suspended particulate matter affects the
nutrient budget of turbid estuaries: Modification of the LOICZ model and

Hydrol Current Res
ISSN: 2157-7587 HYCR, an open access journal

Volume 6 + Issue 2 *+ 1000205


https://cmsdata.iucn.org/downloads/e_flow_2003_021_english_versoin.pdf
https://cmsdata.iucn.org/downloads/e_flow_2003_021_english_versoin.pdf
https://portals.iucn.org/library/efiles/documents/2011-043.pdf
https://portals.iucn.org/library/efiles/documents/2011-043.pdf
https://portals.iucn.org/library/efiles/documents/2011-043.pdf
http://dpanther.fiu.edu/sobek/content/FI/14/10/31/45/00001/Climate forest cover water resources ruvubasin.pdf
http://dpanther.fiu.edu/sobek/content/FI/14/10/31/45/00001/Climate forest cover water resources ruvubasin.pdf
http://www.sciencedirect.com/science/article/pii/0925857494900450
http://www.sciencedirect.com/science/article/pii/0925857494900450
http://www.sciencedirect.com/science/article/pii/0925857494900450
https://books.google.co.in/books?id=8THEkbG9gn8C&pg=PA49&lpg=PA49&dq=Chapter+3.+The+Coastal+Zone:+An+Ecosystem+Under+Pressure+/+Han+Lindeboom&source=bl&ots=II06O97by-&sig=tFVLUhhMcclXo1EWnBJgTr7RimA&hl=en&sa=X&ei=pGZxVfzwAYieugTM1oLYCQ&redir_esc=y#v=onepage&q=Chapter 3. The Coastal Zone%3A An Ecosystem Under Pressure %2F Han Lindeboom&f=false
https://books.google.co.in/books?id=8THEkbG9gn8C&pg=PA49&lpg=PA49&dq=Chapter+3.+The+Coastal+Zone:+An+Ecosystem+Under+Pressure+/+Han+Lindeboom&source=bl&ots=II06O97by-&sig=tFVLUhhMcclXo1EWnBJgTr7RimA&hl=en&sa=X&ei=pGZxVfzwAYieugTM1oLYCQ&redir_esc=y#v=onepage&q=Chapter 3. The Coastal Zone%3A An Ecosystem Under Pressure %2F Han Lindeboom&f=false
https://books.google.co.in/books?id=8THEkbG9gn8C&pg=PA49&lpg=PA49&dq=Chapter+3.+The+Coastal+Zone:+An+Ecosystem+Under+Pressure+/+Han+Lindeboom&source=bl&ots=II06O97by-&sig=tFVLUhhMcclXo1EWnBJgTr7RimA&hl=en&sa=X&ei=pGZxVfzwAYieugTM1oLYCQ&redir_esc=y#v=onepage&q=Chapter 3. The Coastal Zone%3A An Ecosystem Under Pressure %2F Han Lindeboom&f=false
http://www.sciencedirect.com/science/article/pii/S0278434302000419
http://www.sciencedirect.com/science/article/pii/S0278434302000419
http://www.sciencedirect.com/science/article/pii/S0278434302000419
http://link.springer.com/article/10.1007/s11273-005-4752-4
http://link.springer.com/article/10.1007/s11273-005-4752-4
http://link.springer.com/article/10.1007/s11273-005-4752-4
http://www.sciencedirect.com/science/article/pii/S0006320706001522
http://www.sciencedirect.com/science/article/pii/S0006320706001522
http://www.sciencedirect.com/science/article/pii/S0006320706001522
http://scholar.google.co.in/scholar?q=The+LOICZ+Biogeochemical+Modeling+Protocol+and+its+Application+to+Estuarine+Ecosystems%2C&btnG=&hl=en&as_sdt=0%2C5
http://scholar.google.co.in/scholar?q=The+LOICZ+Biogeochemical+Modeling+Protocol+and+its+Application+to+Estuarine+Ecosystems%2C&btnG=&hl=en&as_sdt=0%2C5
http://scholar.google.co.in/scholar?q=The+LOICZ+Biogeochemical+Modeling+Protocol+and+its+Application+to+Estuarine+Ecosystems%2C&btnG=&hl=en&as_sdt=0%2C5
http://www.sciencedirect.com/science/article/pii/S0964569113001300
http://www.sciencedirect.com/science/article/pii/S0964569113001300
http://www.sciencedirect.com/science/article/pii/S0964569113001300
http://link.springer.com/article/10.1007%2FBF02278189
http://link.springer.com/article/10.1007%2FBF02278189
http://www.sciencedirect.com/science/article/pii/S0003267000884445
http://www.sciencedirect.com/science/article/pii/S0003267000884445
http://www.sciencedirect.com/science/article/pii/S0003267000884445
http://scholar.google.co.in/scholar?hl=en&q=A+manual+of+chemical+and+biological+methods+for+seawater+analysis.+Pergamon+Press.&btnG=
http://scholar.google.co.in/scholar?hl=en&q=A+manual+of+chemical+and+biological+methods+for+seawater+analysis.+Pergamon+Press.&btnG=
http://www.worldcat.org/title/standard-methods-for-the-examination-of-water-and-wastewater/oclc/156744115
http://www.worldcat.org/title/standard-methods-for-the-examination-of-water-and-wastewater/oclc/156744115
http://www.worldcat.org/title/standard-methods-for-the-examination-of-water-and-wastewater/oclc/156744115
http://www.sciencedirect.com/science/article/pii/S0272771413002060
http://www.sciencedirect.com/science/article/pii/S0272771413002060

Citation: Kiwango H, Njau KN, Wolanski E (2015) The Need to Enforce Minimum Environmental Flow Requirements in Tanzania to Preserve
Estuaries: Case Study of the Mangrove-Fringed Wami River Estuary. Hydrol Current Res 6: 205. doi:10.4172/2157-7587.1000205

Page 10 of 10

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

application to the Yangtze Estuary. Estuarine, Coastal and Shelf Science 127:
59-62.

Xu H, Newton A, Wolanski E, Chen Z (2015) The fate of Phosphorus in
the Yangtze Estuary, China, under multi-stressors: hindsight and forecast.
Estuarine, Coastal and Shelf Science, in press.

Golbuu Y, Victor S, Wolanski E, Richmond RH (2003) Coastal and Shelf
Science 57: 941-949.

Smith TJ, Boto KG, Frusher SD, Giddins RL (1991) Keystone species and
mangrove forest dynamics: The influence of burrowing by crabs on soil nutrient
status and forest productivity. Estuarine, Coastal and Shelf Science 33: 419-
432.

Lindquist ES, Krauss KW, Green PT, O'Dowd DJ, Sherman PM, et al. (2009)
Land crabs as key drivers in tropical coastal forest recruitment. Biol Rev Camb
Philos Soc 84: 203-223.

WRBWO (Wami-Ruvu Basin Water Office) (2008) Wami River Sub-Basin,
Tanzania: Initial Environmental Flow Assessment. Final Report. Tanzania
Ministry of Water, Morogoro, Tanzania. pp. 144.

Madulu NF (2005) Environment, poverty and health linkages in the Wami River
basin: A search for sustainable water resource management. Physics and
Chemistry of the Earth 30: 950-960.

Anderson E, McNally CG, Kalangahe B, Ramadhani H, Mhitu H (2007) The
Wami River Estuary: A Rapid Ecological Assessment. Technical Report
prepared for the Tanzania Coastal Management Partnership and the Coastal
Resources Center, University of Rhode Island.

Baumann H, Wallace RB, Tagliaferri T, Gobler CJ (2015) Large Natural pH,
CO2 and 02 fluctuations in a temperate tidal salt marsh on diel, seasonal, and
interannual time scales. Estuaries and Coasts 38: 220-231.

Jiang D, Lawrence AL, Neill WH, Gong H (2000) Effects of temperature and
salinity on nitrogenous excretion by Litopenaeus vannamei juveniles. J Exp
Mar Bio Ecol 253: 193-209.

Bidwell JR, Gorrie JR (2006) The influence of salinity on metal uptake and
effects in the midge Chironomus maddeni. Environ Pollut 139: 206-213.

Brown AFM, Dortch Q, Dolah FMV, Leighfield TA, Morrison W, et al. (2006)
Effect of salinity on the distribution, growth and toxicity of Karenia spp. Harmful
Algae 5: 199-212.

Kefford BJ, Nugegoda D, Metzeling L, Fields EJ (2006) Validating species
sensitivity distributions using salinity tolerance of riverine macroinvertebrates
in the Southern Murray-Darling Basin (Victoria, Australia). Canadian Journal of
Fisheries and Aquatic Sciences 63: 1865-1877.

Pan LQ, Zhang LJ, Liu HY (2007) Effects of salinity and pH on ion-transport
enzyme activities, survival and growth of Litopenaeus vannamei postlarvae.
Aquaculture 273: 711-720.

You C, Jia C, Pan G (2010) Effects of salinity and sediment characteristics
on the sorption and desorption of perfluorooctane sulfonate at sediment-water
interface. Environmental Pollution 158: 1343-1347.

Leroy SAG, Marret F, Gibert E, Chalie F, Reyss JL, et al. (2007) River inflow
and salinity changes in the Caspian Sea during the last 5500 years. Quartenary
Science Reviews 26: 3359-3383.

Dunlop JE, Horrigan N, McGregor G, Kefford BJ, Choy S, et al. (2008) Effect of
spatial variation of salinity tolerance of macroinvertebrates in Eastern Australia
and implications for ecosystem protection trigger values. Environmental
Pollution 151: 621-630.

Wolf B, Kiel E, Hagge A, Krieg HJ, Feld CK (2009) Using the salinity preferences
of benthic macroinvertebrates to classify running waters in brackish marshes in
Germany. Ecological Indicators 9: 837-847.

Song J, Fan H, Zhao Y, Jia Y, Du X, et al. (2008) Effect of salinity on
germination, seedling emergence, seedling growth and ion accumulation of
a euhalophyte Suaeda salsa in intertidal zone and on saline inland. Aquatic
Botany 88: 331-337.

Muylaert K, Sabbe K, Vyverman W (2009) Changes in phytoplankton diversity
and community composition along the salinity gradient of the Schelde estuary
(Belgium/ The Netherlands). Estuarine Coastal and Shelf Science 82: 335-340.

Zhong Y, Kemp AC, Yu F, Lloyd JM, Huang G, et al. (2010) Diatoms from the
Pearl River estuary, China and their suitability as water salinity indicator for
coastal environments. Marine Micropaleontology 75: 38-49.

42.

43.

44,

45.

46.

47

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Boehm AB, Yamahara KM, Walters SP, Layton BA, Keymer DP, et al. (2011)
Dissolved inorganic nitrogen, soluble reactive phosphorous, and microbial
pollutant loading from tropical rural watersheds in Hawai'i to the coastal ocean
during non-storm conditions. Estuaries and Coasts 34: 925-936.

Cannicci S, Burrows D, Fratini S, Smith TJ, Offenberg J, et al. (2008) Faunal
impact on vegetation structure and ecosystem function in mangrove forest: A
review. Aquatic Botany 89: 186-200.

Masalu DC (2009) Report on Environmental Emerging Issues in Tanzania’s
Coastal and Marine Environments Based on Selected Key Ecosystems.

McNally CG, Uchida E, Gold AJ (2011) The effect of a protected area on the
tradeoffs between short-run and long-run benefits from mangrove ecosystems.
Proc Natl Acad Sci USA 108: 13945-13950.

Santschi PH, Hoehener P, Benoit G, Brink MB (1990) Chemical processes at
the Sediment-water interface. Marine Chemistry 30: 69-315.

. Hedges JI, Keil RG (1998) Organic geochemical perspectives on estuarine

processes: sorption reactions and consequences. Marine Chemistry 65: 55-65.

Labelle RL, Gebra CP, Goyal SM, Melnick JL, Cech |, et al. (1980) Relationship
between environmental factors, bacterial indicators and the occurrence of
enteric viruses in estuarine sediments. Applied and Environmental Microbiology
39: 588-598.

Cloern JE (1987) Turbidity as a control on phytoplankton biomass and
productivity in estuaries. Continental Shelf Research 7: 1367-138.

Alpine AE, Cloern JE (1988) Phytoplankton growth rates in a light-limited
environment, San Francisco Bay. Marine Ecology Progress Series 44: 167-
173.

Abal EG, Loneragan N, Bowen P, Perry CJ, Perry JW, et al. (1994) Physiological
and morphological responses of Zostera capricorni Aschers to light intensity.
Journal of Experimental Marine Biology and Ecology 178: 113-129.

Wilber DH, Clarke DG (2001) Biological effects of suspended sediments:
A review of suspended sediment impacts on fish and shellfish with relation
to dredging activities in estuaries. North American Journal of Fisheries
Management 21: 855-875.

Uncles RJ, Stephens JA (2010) Turbidity and sediment transport in a muddy
sub-estuary. Estuarine, Coastal and Shelf Science 87: 213-224.

Takemura T, Hanagata N, Sugihara K, Baba S, Karube |, et al. (2000)
Physiological and biochemical responses to salt stress in the mangrove,
Bruguiera gymnorrhiza. Aquatic Botany 68: 15-28.

Ball MC (1998) Mangrove species richness in relation to salinity and water
logging: A case study along the Adelaide River flood plain, Northern Australia.
Global Ecology and Biogeography Letters 7: 73-82.

Ball MC (2002) Interactive effects of salinity and irradiance on growth:
Implications for mangrove forest structure along salinity gradients. Trees 16:
126-139.

Aziz |, Khan MA (2001) Experimental assessment of salinity tolerance of
Ceriops tagal seedlings and saplings from the Indus delta, Pakistan. Aquatic
Botany 70: 259-268.

Mitra A, Chowdhury R, Sengupta K, Banerjee K (2010) Impacts of salinity on
mangroves of Indian Sundarbans. Journal of Coastal Environment 1: 71-82.

Boko M, Niang |, Nyong A, Vogel C, Githeko A, et al. (2007) Africa. Climate
Change 2007: Impacts, Adaptation and Vulnerability. In: Parry ML, Canziani
OF, Palutikof JP, van der Linden PJ, Hanson CE (eds) Contribution of Working
Group Il to the Foh Assessment Report of the Intergovernmental Panel on
Climate Change, Cambridge University Press, Cambridge, UK, pp. 433-467.

Tierney JE, Mayes MT, Meyer N, Johnson C, Swarzenski PW, et al. (2010)
Late-twentieth-century warming in Lake Tanganyika unprecedented since
AD500. Nature Geoscience 3: 422-425.

Wolff C, Haug GH, Timmermann A, Damsté JS, Brauer A, et al. (2011)
Reduced interannual rainfall variability in East Africa during the last ice age.
Science 333: 743-747.

Elisa M, Gara JI, Wolanski E (2010) A review of the water crisis in Tanzania’s
protected areas, with emphasis on the Katuma River-Lake Rukwa ecosystem.
Ecohydrology and Hydrobiology 10: 153-166.

Hydrol Current Res
ISSN: 2157-7587 HYCR, an open access journal

Volume 6 + Issue 2 *+ 1000205


http://www.sciencedirect.com/science/article/pii/S0272771413002060
http://www.sciencedirect.com/science/article/pii/S0272771413002060
http://www.sciencedirect.com/science/article/pii/027277149190081L
http://www.sciencedirect.com/science/article/pii/027277149190081L
http://www.sciencedirect.com/science/article/pii/027277149190081L
http://www.sciencedirect.com/science/article/pii/027277149190081L
http://www.ncbi.nlm.nih.gov/pubmed/19391202
http://www.ncbi.nlm.nih.gov/pubmed/19391202
http://www.ncbi.nlm.nih.gov/pubmed/19391202
http://www.sciencedirect.com/science/article/pii/S1474706505001130
http://www.sciencedirect.com/science/article/pii/S1474706505001130
http://www.sciencedirect.com/science/article/pii/S1474706505001130
http://link.springer.com/article/10.1007%2Fs12237-014-9800-y
http://link.springer.com/article/10.1007%2Fs12237-014-9800-y
http://link.springer.com/article/10.1007%2Fs12237-014-9800-y
http://www.ncbi.nlm.nih.gov/pubmed/11033364
http://www.ncbi.nlm.nih.gov/pubmed/11033364
http://www.ncbi.nlm.nih.gov/pubmed/11033364
http://www.ncbi.nlm.nih.gov/pubmed/16087281
http://www.ncbi.nlm.nih.gov/pubmed/16087281
http://www.sciencedirect.com/science/article/pii/S1568988305000806
http://www.sciencedirect.com/science/article/pii/S1568988305000806
http://www.sciencedirect.com/science/article/pii/S1568988305000806
http://www.nrcresearchpress.com/doi/pdf/10.1139/f06-080
http://www.nrcresearchpress.com/doi/pdf/10.1139/f06-080
http://www.nrcresearchpress.com/doi/pdf/10.1139/f06-080
http://www.nrcresearchpress.com/doi/pdf/10.1139/f06-080
http://www.sciencedirect.com/science/article/pii/S0044848607005698
http://www.sciencedirect.com/science/article/pii/S0044848607005698
http://www.sciencedirect.com/science/article/pii/S0044848607005698
http://www.sciencedirect.com/science/article/pii/S0269749110000254
http://www.sciencedirect.com/science/article/pii/S0269749110000254
http://www.sciencedirect.com/science/article/pii/S0269749110000254
http://www.sciencedirect.com/science/article/pii/S0277379107002624
http://www.sciencedirect.com/science/article/pii/S0277379107002624
http://www.sciencedirect.com/science/article/pii/S0277379107002624
http://www.ncbi.nlm.nih.gov/pubmed/17583398
http://www.ncbi.nlm.nih.gov/pubmed/17583398
http://www.ncbi.nlm.nih.gov/pubmed/17583398
http://www.ncbi.nlm.nih.gov/pubmed/17583398
http://www.sciencedirect.com/science/article/pii/S1470160X08001404
http://www.sciencedirect.com/science/article/pii/S1470160X08001404
http://www.sciencedirect.com/science/article/pii/S1470160X08001404
http://www.sciencedirect.com/science/article/pii/S030437700700174X
http://www.sciencedirect.com/science/article/pii/S030437700700174X
http://www.sciencedirect.com/science/article/pii/S030437700700174X
http://www.sciencedirect.com/science/article/pii/S030437700700174X
https://biblio.ugent.be/publication/840654
https://biblio.ugent.be/publication/840654
https://biblio.ugent.be/publication/840654
http://www.sciencedirect.com/science/article/pii/S0377839810000204
http://www.sciencedirect.com/science/article/pii/S0377839810000204
http://www.sciencedirect.com/science/article/pii/S0377839810000204
http://link.springer.com/article/10.1007%2Fs12237-010-9352-8
http://link.springer.com/article/10.1007%2Fs12237-010-9352-8
http://link.springer.com/article/10.1007%2Fs12237-010-9352-8
http://link.springer.com/article/10.1007%2Fs12237-010-9352-8
http://www.sciencedirect.com/science/article/pii/S030437700800017X
http://www.sciencedirect.com/science/article/pii/S030437700800017X
http://www.sciencedirect.com/science/article/pii/S030437700800017X
http://gridnairobi.unep.org/chm/eafdocuments/Tanzania/Coastal_and_marine_emerging_issues_on_selected_ecosystems_in_Tanzania.pdf
http://gridnairobi.unep.org/chm/eafdocuments/Tanzania/Coastal_and_marine_emerging_issues_on_selected_ecosystems_in_Tanzania.pdf
http://www.ncbi.nlm.nih.gov/pubmed/21873182
http://www.ncbi.nlm.nih.gov/pubmed/21873182
http://www.ncbi.nlm.nih.gov/pubmed/21873182
file:///C:\Users\richa-g\Desktop\Chemical processes at the Sediment-water interface
file:///C:\Users\richa-g\Desktop\Chemical processes at the Sediment-water interface
http://www.riversystems.washington.edu/lc/RIVERS/91_hedges_ji_65-55-65.pdf
http://www.riversystems.washington.edu/lc/RIVERS/91_hedges_ji_65-55-65.pdf
http://aem.asm.org/content/39/3/588.short
http://aem.asm.org/content/39/3/588.short
http://aem.asm.org/content/39/3/588.short
http://aem.asm.org/content/39/3/588.short
http://www.sciencedirect.com/science/article/pii/0278434387900422
http://www.sciencedirect.com/science/article/pii/0278434387900422
http://www.int-res.com/articles/meps/44/m044p167.pdf
http://www.int-res.com/articles/meps/44/m044p167.pdf
http://www.int-res.com/articles/meps/44/m044p167.pdf
http://www.sciencedirect.com/science/article/pii/0022098194902283
http://www.sciencedirect.com/science/article/pii/0022098194902283
http://www.sciencedirect.com/science/article/pii/0022098194902283
http://www.tandfonline.com/doi/abs/10.1577/1548-8675%282001%29021%3C0855%3ABEOSSA%3E2.0.CO%3B2#.VXFtM8r9up0
http://www.tandfonline.com/doi/abs/10.1577/1548-8675%282001%29021%3C0855%3ABEOSSA%3E2.0.CO%3B2#.VXFtM8r9up0
http://www.tandfonline.com/doi/abs/10.1577/1548-8675%282001%29021%3C0855%3ABEOSSA%3E2.0.CO%3B2#.VXFtM8r9up0
http://www.tandfonline.com/doi/abs/10.1577/1548-8675%282001%29021%3C0855%3ABEOSSA%3E2.0.CO%3B2#.VXFtM8r9up0
http://www.sciencedirect.com/science/article/pii/S0272771409001607
http://www.sciencedirect.com/science/article/pii/S0272771409001607
http://www.sciencedirect.com/science/article/pii/S0304377000001066
http://www.sciencedirect.com/science/article/pii/S0304377000001066
http://www.sciencedirect.com/science/article/pii/S0304377000001066
http://onlinelibrary.wiley.com/doi/10.1111/j.1466-8238.1998.00282.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1466-8238.1998.00282.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1466-8238.1998.00282.x/abstract
http://link.springer.com/article/10.1007/s00468-002-0169-3
http://link.springer.com/article/10.1007/s00468-002-0169-3
http://link.springer.com/article/10.1007/s00468-002-0169-3
http://www.sciencedirect.com/science/article/pii/S0304377001001607
http://www.sciencedirect.com/science/article/pii/S0304377001001607
http://www.sciencedirect.com/science/article/pii/S0304377001001607
http://www.researchgate.net/profile/Thekkeparambil_Srijaya/publication/265864682_Journal_of_Coastal_Environment_Editor__Kishore_Kumar_Secretary__Consultant_Centre_for_Ocean_and_Environmental_Studies_New_Delhi/links/541fee8f0cf2218008d41c6d.pdf#page=79
http://www.researchgate.net/profile/Thekkeparambil_Srijaya/publication/265864682_Journal_of_Coastal_Environment_Editor__Kishore_Kumar_Secretary__Consultant_Centre_for_Ocean_and_Environmental_Studies_New_Delhi/links/541fee8f0cf2218008d41c6d.pdf#page=79
https://www.ipcc.ch/pdf/assessment-report/ar4/wg2/ar4-wg2-chapter9.pdf
https://www.ipcc.ch/pdf/assessment-report/ar4/wg2/ar4-wg2-chapter9.pdf
https://www.ipcc.ch/pdf/assessment-report/ar4/wg2/ar4-wg2-chapter9.pdf
https://www.ipcc.ch/pdf/assessment-report/ar4/wg2/ar4-wg2-chapter9.pdf
https://www.ipcc.ch/pdf/assessment-report/ar4/wg2/ar4-wg2-chapter9.pdf
http://www.nature.com/ngeo/journal/v3/n6/full/ngeo865.html
http://www.nature.com/ngeo/journal/v3/n6/full/ngeo865.html
http://www.nature.com/ngeo/journal/v3/n6/full/ngeo865.html
http://www.ncbi.nlm.nih.gov/pubmed/21817050
http://www.ncbi.nlm.nih.gov/pubmed/21817050
http://www.ncbi.nlm.nih.gov/pubmed/21817050
http://www.sciencedirect.com/science/article/pii/S164235931070152X
http://www.sciencedirect.com/science/article/pii/S164235931070152X
http://www.sciencedirect.com/science/article/pii/S164235931070152X

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction 
	Methods 
	Study area 
	Hydrology data 
	Environmental variables  
	Nutrients and total suspended solids (TSS) 
	Residence times and the fate of riverine nutrients 
	Sediment trapping in mangroves 
	The role of crabs in recycling mangrove litter. 
	Movement of hippo in different seasons and their impact on mangroves. 

	Results 
	Hydrology 
	Environmental variables 
	Nutrients and TSS
	Residence times and the fate of riverine nutrients 
	Sediment trapping in mangroves 
	The role of crabs in recycling mangrove litter 
	Movement of hippo in different seasons and their impact on mangroves 

	Discussion 
	Conclusion and Recommendation 
	Acknowledgements 
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1
	Figure 7
	Figure 8
	References

