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Abstract

River damming reduces the ecological heterogeneity of ecosystems, with a resultant shift of communities adapted to lotic
conditions to those better adapted to the newly created lentic environment. Whereas the response of phytoplankton and
zooplankton community composition and structure to river damming has been extensively studied in individual reser-
voirs, this study assessed three cascading reservoirs on the Tana River, Kenya. A total of five sampling campaigns were
carried out in 2011, 2012 and 2013 for different sampling sites within each of the reservoirs, as well as upstream and
downstream of the reservoirs. Plankton communities within each of the three reservoirs, and upstream of the reservoirs,
were compared, indicating (i) the disappearance of 13 phytoplankton and 2 zooplankton taxa; (ii) the appearance (inva-
sion) by 26 phytoplankton and 33 zooplankton taxa; and (ili) an opportunistic presence of 7 phytoplankton and 6 zoo-
plankton taxa. Thirty-two genera of potentially harmful algae were also encountered, suggesting a potential future threat
of harmful algal blooms. A significant reduction in phytoplankton diversity and taxa evenness was also observed, as well
as increases in overall abundance in the reservoirs, compared to the river upstream of the study reservoirs. However,
these ecological indices were restored to the original levels observed upstream of the study reservoirs at sites hundreds
of kilometres downstream of the reservoirs.
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INTRODUCTION
Water is widely regarded as the most essential of our nat-
ural resources. The benefits of water in economic devel-
opment, however, are often accompanied by the
degradation of aquatic ecosystems and reduced biodiver-
sity, with potentially serious but unquantified costs
(Vorosmarty et al. 2005). Rivers maintain unique biotic
resources and irreplaceable biodiversity, for example,
because of their local environmental heterogeneity and
the complexity of riverine processes, allowing for many
species with a variety of life traits and population strate-
gies to coexist. However, they have highly been modified
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and adapted to meet the ever-changing needs of society
(Galloway 2000), with impacts on these systems ranging
from supracatchment effects to local impacts (Boon
1992). Riverine biodiversity is currently in a state of crisis
as a consequence of decades of human interventions
through river damming, diversions and pollution (Syvitski
et al. 2005).

Reservoirs reduce biological diversity by flooding land,
fragmenting habitats, isolating species and interrupting
the exchange of nutrients between ecosystems (WCD
2000). They also convert extensive reaches of stream
habitat into standing water (Graf 2001), thus reducing
water and sediment flows to downstream habitats (Olden
& Naiman 2010); forming barriers for fish migration;
extirpating shallow-water species through fluctuating
water levels and by altering fish spawning patterns
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(Malmqvist & Rundle 2002) and plankton community
structure and composition.

Plankton constitute the base of the food webs in aqua-
tic ecosystem (Kiteresi et al. 2012), thereby playing a sig-
nificant role in the global cycling of carbon, nitrogen,
phosphorus and other elements (Hudson ef al. 1999).
Studies of plankton abundance, distribution and commu-
nity composition fundamentally contribute to our under-
standing of the structure and functioning of aquatic
ecosystems and could be used to provide insights into
the responses of aquatic systems to environmental
changes (e.g. Paerl et al. 2010). Although successional
shifts in plankton community structure are naturally
expected in rivers because of changes in environmental
variables such as nutrients and other physicochemical
variables (Madhu et al. 2007), such shifts are heightened
by river damming.

Reservoirs are considered favourable environments for
the development of plankton communities, which may
establish diverse assemblages in relatively short periods
of time after their impoundment (Rocha ef al. 1999).
Long-term assessments of phytoplankton changes in
some of Africa’s reservoirs, however, have revealed a pro-
gressive change in species composition commencing
after impoundment (Viner 1969; Dejenie ef al. 2008,
2012), which may be superimposed on the predamming
annual seasonal changes. These changes are often char-
acterized by progressive colonization by species absent in
the inflowing river (Petr 1975). Thus, reservoirs provide
new opportunities for colonization and act as stepping
stones for the spread of invaders and proliferation of spe-
cies by replacing spatially heterogeneous stream habitats
with homogeneous spatially distributed standing waters
(Gao et al. 2010). This habitat modification can displace
local assemblages adapted to tolerate human perturba-
tions, thereby resulting in the homogenization of freshwa-
ter biota (Prenda et al. 2006; TSS 2006). Reservoirs
provide new habitats for passively dispersing numerous
plankton species, aquatic plants and planktonic larvae of
benthic invertebrates, for example, that cannot persist in
strong unidirectional flows in unmodified rivers.

Whereas most plankton studies have been carried out
in a number of individual reservoirs (e.g. Uku & Mavuti
1994; Kotut ef al. 1998), only a handful of studies have
determined the impacts of several cascading reservoirs
on the ecological structure and functioning of the
dammed rivers (e.g. Barbosa ef al. 1999; Jorcin &
Nogueira 2005; Naliato ef al. 2009). To this end, the Tana
River (Kenya) represents an ideal system to study the
effects of multiple dams, because it currently contains

five cascading reservoirs, mainly developed for
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hydroelectric power generation. Furthermore, precon-
struction environmental studies in Kenya recommended a
regular monitoring of the ecology of the reservoirs
because of the country’s past experiences with eutrophi-
cation-related lake problems. However, very limited lim-
nological attention has been directed to Kenya’s
reservoirs (e.g. Uku & Mavuti 1994; Kotut ef al. 1998;
Tamooh ef al. 2012). Accordingly, the present study
focused on three of the Tana River’s cascading reservoirs
to determine their impacts on their phytoplankton and
zooplankton community structure and composition.

MATERIALS AND METHODS
Study sites

This study was carried out in the Tana River basin,
Kenya (Fig. 1), which has a length of ~1000 km, rising in
the Aberdare Range and Mount Kenya of central Kenya
and subsequently draining through the arid and semi-arid
lands in the eastern part of the country to enter the
Indian Ocean through a fan-shaped delta (Tamooh et al.
2012). A total of five cascading reservoirs (constructed
on the mainstream of Tana River between 1968 and 1981)
offer an ideal opportunity to study the effects of reser-
voirs on the Tana River plankton. Masinga, Kamburu and
Gitaru reservoirs were selected for this study because of
the differences in their sizes, depth profiles and water
residence times (Table 1). These three reservoirs were
intended to provide a better understanding of how the
reservoirs’ plankton community structure and composi-
tion are influenced by these features.

To determine the impacts of river damming on plank-
ton community composition and structure, the upper
reaches and lower reaches of the three reservoirs were
sampled, because these reaches experience different
physical, chemical and biological forcings (Ward & Stan-
ford 1995). Sampling sites in the reservoirs were selected
based on criteria identified by Thornton (1990) as fol-
lows: three sites were selected in Masinga Reservoir
(Masinga upper reaches, MUR; Masinga mid-reaches,
MMR; Masinga lower reaches, MLR). Considering their
smaller sizes, two sampling sites were selected in Kam-
buru (Kamburu upper reaches, KUR; Kamburu lower
reaches, KLR) and Gitaru (Gitaru upper reaches, GUR;
Gitaru lower reaches, GLR) reservoirs (Fig. 1). The
upper reach sampling sites were located near the reser-
voir inlets (characterized by high water flow rates), while
the lower reach sites were located towards the reservoir
exits (close to the hydropower turbines and characterized
by lower water flow) and the mid-reach sites were inter-
mediate. Riverine inflow sites were also selected to act as
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Table 1. Main characteristics of the three Tana River study reservoirs (modified from Brown et al. 1996; water residence time calculated

from 2011 and 2012 data of authors)

Year Capacity Surface Original Maximum Installed Water residence
Reservoir Altitude (m)  commissioned (x 10°m?®  area (km?) depth (m) capacity (MW) time (days)
Masinga 1050 1981 1560 120 50 40 149
Kamburu 1010 1974 123 15 56 96 16
Gitaru 924 1978 20 3.1 30 225 3

reference sites before the river water flowed into the
reservoirs. The inflow sites were located upstream of the
reservoir site USR (on the main Tana River, representing
inflows into Masinga Reservoir and also acting as an
inflow for the study area), at the Masinga exit, MEXIT
(inflow into Kamburu Reservoir), and the Kamburu exit,
KEXIT (inflow into Gitaru Reservoir). Outflow sites were
also included to provide data for comparison with the
inflow data, to facilitate understanding of the role of
reservoirs in modifying limnological variables. The out-
flow sites included MEXIT (outflow from Masinga Reser-
voir), KEXIT (outflow from Kamburu Reservoir) and
Gitaru exit, GEXIT (outflow from Gitaru Reservoir).
Phytoplankton data collected from three sites (here-
after referred to as ‘downstream of the reservoirs sta-
tions’, DRS) in the Lower Tana, just above the Tana
estuary within the framework of HABs project, were used
to determine whether there was recovery of the ecologi-
cal characteristics of the river downstream of the reser-
voirs. Zooplankton was not sampled at the DSR sites,
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because it was outside the scope of the HABs project.
Other small rivers flowing into the reservoirs (e.g. Rivers
Sabasaba, Thika, Chania and Thiba) were not considered
in this study because of the limited time of the survey
and challenges in obtaining adequate logistical support.

Sample collection, preparation and analysis
Samples were collected at all sites during five sampling
campaigns in 2011, 2012 and 2013, selected to cover both
wet and dry seasons (Fig. 2), apart from the DSR sites
sampled only in March 2011, May 2011 and January
2012. Phytoplankton samples were collected by filtering
20 L of surface water through a 20 um phytoplankton
net, and fixed using Lugol's reagent. Zooplankton sam-
ples from the reservoir sites were obtained by towing a
plankton net (332 um mesh size) for 10 min against the
water current, while the samples from the USR and LT1
sites were obtained by collecting 200 L of surface water
(using a bucket) and filtering it through the 332 um
mesh sized net. Zooplankton samples were preserved
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Fig. 2. Time series of discharges at the different sampling sites during the study period (arrows indicate sampling dates).

with 5% buffered formalin and transported to the labora-
tory for further analysis. It is noted that phytoplankton
and zooplankton abundance and richness could have
been underestimated in this study because of the use of
20 and 332 um mesh sizes for phytoplankton and zoo-
plankton sampling, respectively. Comparisons among the
systems are still valid, however, assuming that any poten-
tial underestimation was uniform across all the sampling
sites.

A range of additional environmental parameters
including temperature, pH, electrical conductivity and dis-
solved oxygen (DO) concentration were measured con-
currently using a handheld multiparameter probe (YSI
Professional Plus, Ohio USA). Surface water samples for
the determination of total suspended matter (TSM),
chlorophyll-a (Chl-¢) and nutrient concentrations were
collected with a vertical Niskin bottle at the reservoir
sites, and with a bucket at the other sites. Samples for
the determination of dissolved nutrient concentrations
were collected in acid-washed polyethylene bottles follow-
ing double filtration on precombusted 47-mm GF/F filters
and through 0.2 um syringe filters, and preserved using

HgCl,. The methods described by APHA (1998) and Par-
sons et al. (1984) were used to measure dissolved ammo-
nium (NH;-N), nitrate + nitrite {(NO; + NO;)-N},
orthophosphate (POZ’-P) and silicate (SiO,) concentra-
tions in the water samples, while chlorophyll-a was mea-
sured following the methods outlined by APHA (1975).
Chl-a and total suspended matter (TSM) samples were
collected through filtration of a known volume of water
from each sampling site (on precombusted 47 mm diame-
ter GF/F filters), using a hand-operated vacuum pump.
Chl-a filters were placed inside cryotubes and frozen in
liquid nitrogen until analysis, whereas TSM samples were
air-dried for a few minutes in Petri dishes and subse-
quently oven-dried at 50 °C. The TSM was determined by
calculating the difference between the final and initial
weights of the precombusted filters (Bouillon et al. 2009).
Community respiration samples were collected by
overfilling two 500 mL borosilicate respiration bottles,
which were stoppered and stored in an insulated box for
24 h. DO measurements were taken before and after
incubation, using a DO meter (YSI Professional Plus,
Ohio USA). The average community respiration rate was
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remained relatively similar for all the sampled sites (range:
6.57 & 0.40-7.49 + 1.00 mg L), except for the extre-
mely low DO levels in water discharged from Masinga
Reservoir (mean: 3.46 & 0.91 mg L™Y). There was a gen-
eral decline in the mean TSM concentrations in the reser-
voirs (mean range: 154 + 4.1-47.0 + 239 mg L7,
compared to the concentrations in the inflows into the
reservoirs (mean range: 40.0 + 15.5-106 + 67.7 mg LY.

There was a slight decline in the mean dissolved
NHI—N concentrations through Kamburu (from
195 4+ 0.62 to 1.31 4+ 0.57 uM) and Gitaru (from
1.31 4 0.57 to 1.24 + 0.39 uM) reservoirs (Table 2). The
decline in the mean dissolved NH;-N concentrations was
accompanied by a slight increase in the mean dissolved
{(NO; + NO,)-N} concentrations in Masinga (from
34+16 to 478 + 255 uM), Kamburu (from
381 +£203 to 399 + 155 uM) and Gitaru (from
5.23 + 2.38 to 5.33 + 1.99 uM) reservoirs. The mean dis-
solved PO} -P concentrations were lower in the
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reservoirs (0.94 + 0.23-1.42 + 0.43 uM), compared to
the concentration at USR site (3.59 + 1.51 uM). The dis-
solved SiO, concentrations decreased from USR site
(mean: 294 + 21 uM) to Masinga Reservoir (mean range:
186 + 43-224 4+ 20 uM). A relatively constant concentra-
tion, however, was observed down cascade.

Phytoplankton abundance and diversity
A total of 77 phytoplankton taxa belonging to 65 families
were observed in this study (Table 3). The reservoirs
contained a higher phytoplankton abundance (mean
38 250 + 22 908-467 917 + 237 803 cells L7Y),
compared to the abundance at USR site (mean:
10 833 + 5116 cells L™ Figs 3b, 4). The Gitaru Reser-
voir phytoplankton abundance differed significantly from
the abundance observed at USR site (paired ftest,
P <0.05) and DSR (paired ttest, P < 0.05), while the
abundance in Kamburu Reservoir differed significantly
from the levels at the DSR site (paired t-test, P < 0.05).

range:

Table 3. Plankton taxa encountered in study reservoirs (brackets indicate harmful algae, according to LIFEHAB 2001).

Phytoplankton taxa

Zooplankton taxa

Actinoptychus (Eutreptiella) Phacus
(Amphora) (Fischerella) Platymonas
(Anabaena) Fragilaria Pleurosigma
Asterionella (Gambierdiscus) (Prorocentrum)
Biddulphia (Gonyaulax) (ProtoPeridinium)
Bleakleleya (Guinardia) (Prymnesium)
Botryococcus (Gymnodinium) Pseudo-Anabaena
Cerataulina (Gyrodinium) (Pseudo-Nitzschia)
(Ceratium) Gyrosigma Pteromonas
(Chaetoceros) Haslea Pyramimonas
Chlamydomonas Hydrodictyon (Rhizosolenia)
Choanoflagellidea (Leptocylindricus) Scenedesmus
Closterium (Lyngbya) (Scrippsiella)
Coccolith Melosira (Skeletonema)
Coccomonas Merismopedia Spirulina
Coelastrum Microcoleus Staurodesmus
(Coscinodiscus) (Microcystis) Stephanodiscus
Cosmarium Navicula Striatella
Cyclotella (Nitzschia) (Synedra)
Cymbella (Noctiluca) Synura
(Dictyocha) Odontella (Tabellaria)
Dinobryon (Oscillatoria) Thalassionema
(Dinophysis) (Ostreopsis) (Thalassiosira)
Diploneis Pandorina Uroglena
Ditylum Pediiastrum Volvox

Euglena (Peridinium)

Abedus spp.
Acanthocyclops robustus
Aglaodiaptomus leptopus
Alona guttata
Anopheles spp.
Branchionus calyciflorus
Ceriodaphnia spp.
Ceriodaphnia lacutris
Chaoborus americanus
Chaoborus punctipennis
Chaoborus spp.
Chironomus spp.
Conochilus unicornis
Daphnia middendorffiana
Daphnia spp.

Diacyclops spp.
Diacyclops thomasi
Diacylops bicuspidatus
Diaphanosoma birgei
Diaptomus clavipes
Diaptomus siciloides
Diaptomus spp.

Dixa spp.

Donacia spp.

Epischura lacustris

Epischura spp.

Eucalanus spp.

Eucyclops elegans
Gastropoda taxa larvae
Hesperocorixa spp.
Hydracarina spp.
Leptodiaptomus nudus
Leptodiaptomus sicilis
Leptodiaptomus minutus
Leptodiaptomus spp.
Macrothrix spp.
Mesocyclops edax
Mesoveliinae
Microcyclops rubellus
Microcyclops varicans
Onychodiaptomus birgei
Orthocyclops modestus
Ostracoda

Simocephalus exspinosus
Skistodiaptomus oregonensis
Skistodiaptomus pallidus
Skistodiaptomus reighardi
Skistodiaptomus spp.
Tipulidae
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The lotic zones of the reservoirs exhibited a significantly different from the diversity in Masinga

lower phytoplankton abundance (mean range: 38 250 &
22 908-158 583 + 97 586 cells L™Y), compared to the
lentic zones (mean range: 123 000 £+ 17 000-467 917 +
237 803 cells L 1), as shown in Table 4.

The phytoplankton taxa diversity was significantly
higher at USR site (mean: 2.05 & 0.21) and DSR (mean:
2.07 £ 0.17), whereas it remained markedly low in the
reservoirs, exhibiting a decline from MUR (mean:
1.55 + 0.09) to GEXIT (mean: 0.76 £+ 0.42) as shown in
Table 4 and Figure 4(P1). This observation was further
confirmed by a significant difference in the phytoplank-
ton diversity at USR site, compared to the diversities in
Masinga (paired #test, P < 0.05), Kamburu (paired #test,
P <0.01) and Gitaru (paired #test, P < 0.01) reservoirs.
Similarly, the phytoplankton diversity at DSR was

© 2016 John Wiley & Sons Australia, Ltd

(paired t-test, P < 0.01), Kamburu (paired t-test, P < 0.01)
and Gitaru (paired #-test, P < 0.01) reservoirs.

The phytoplankton taxa evenness was higher at the
USR site (mean: 0.83 + 0.06) and DRS site (mean:
0.87 + 0.04), whereas it remained markedly low in the
reservoirs, exhibiting a pronounced decline from MUR
(mean: 0.68 + 0.04) to GEXIT (mean: 0.3 + 0.14), as
shown in Table 4 and Figure 4(P3). This observation was
further confirmed by significant differences in the phyto-
plankton taxa evenness observed at USR site, compared
to Masinga (paired #test, P < 0.05), Kamburu (paired -
test, P < 0.01) and Gitaru (paired #test, P < 0.01) reser-
voirs. Similarly, the phytoplankton taxa evenness at DSR
site differed significantly from the taxa evenness
observed in Masinga (paired #test, P < 0.01), Kamburu
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Fig. 4. Spatial distribution of phyto-
plankton (P1-4) and zooplankton (Z1-
4) ecological indices upstream of
study reservoirs (USR), within the
reservoirs (Masinga, Kamburu and
Gitaru) and downstream of the reser-
voirs (DRS).

(paired ttest, P <0.01) and Gitaru (paired Ftest,
P < 0.01) reservoirs. These findings confirm that the
river damming has profound impacts on river ecology.
The phytoplankton taxa number was higher upstream
and downstream of the reservoirs (mean range:
12.3 £ 2.2-20.5 £+ 1.5) compared to the taxa numbers
observed within the reservoirs (mean range: 10.0 + 1.0—
14.3 + 1.0), as shown in Table 4 and Figure 4P1. Higher
phytoplankton taxa numbers within the reservoirs were
observed in MMR (mean: 14.3 £+ 1.0) and GLR (mean:
14.0 £+ 1.7), while the rest of the reservoir sites had lower
mean taxa numbers, ranging from 10.0 & 1.0 in MUR to
13.3 £+ 1.5in KLR (Table 4; Fig. 4). The sites between the
reservoirs generally had the lowest mean taxa numbers
ranging from 8.0 &+ 2.9 in MEXIT to 10.7 + 2.2 in GEXIT.

Zooplankton abundance and diversity

A diverse zooplankton assemblage (consisting of 48 zoo-
plankton taxa and 1 gastropoda taxa larvae) was noted in
this study (Table 3). A high abundance of zooplankton
was observed in the lentic zones (mean range:
56 299 + 42 415-157 900 £ 79 142
compared to the lotic zones of the reservoir (mean range:
17 644 + 10 351-37 151 + 20 905 individuals m~®), as
shown in Table 4.

individuals m™),

(P3) Species evenness

(P4) Species richness

USR  Masinga Kamburu Gitaru DSR
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The zooplankton abundance, diversity, richness and
evenness were relatively higher in the reservoirs, com-
pared to the levels at USR site (Table 4; Fig. 4Z1-4). The
zooplankton abundance generally exhibited similar trends
as phytoplankton, being equally more abundant in the
reservoirs (Fig. 4P1 and Z1), compared to sites outside
the reservoir.

Copepods were the most abundant taxa (91.3%) at the
reservoir upstream sites, followed by cladocerans (4.3%)
and arthropod larvae (4.3%) (Fig. 3a,c). Copepods were
also the most abundant taxa in the reservoirs, with a rela-
tive abundance of 86.6%, 61.3% and 82.6%, for Masinga,
Kamburu and Gitaru reservoirs, respectively (Fig. 3a,c).

Plankton community adaptation to
damming disturbance
Thirteen phytoplankton taxa and two zooplankton taxa
present at the USR site were not encountered in the
reservoirs and could be considered extinct (Table 5),
while six zooplankton and seven phytoplankton taxa were
present in high abundance in the reservoirs, compared to
the USR site, and could be classified as opportunistic.
Extinction rates were relatively higher in Kamburu and
Gitaru reservoirs, compared to Masinga Reservoir
(Fig. 5). The number of opportunistic taxa progressively
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Table 4. Spatial variation in phytoplankton and zooplankton ecological indices in study area (phytoplankton abundance in cells L~"; zoo-

plankton abundance in individuals m—3)

Plankton group Sampling site Abundance Taxa Diversity Taxa Evenness Taxa Richness

Phytoplankton USR 10 833 £ 5116 2.05 + 0.21 0.83 + 0.06 123 £2.2
MUR 38 250 + 22 908 1.55 + 0.09 0.68 + 0.04 10.0 £ 1.0
MMR 141 450 + 89 722 1.31 £ 0.25 0.49 + 0.09 143 £ 1.0
MLR 123 000 £ 17 000 1.34 £ 0.25 0.54 +0.08 12.0 £ 1.0
MEXIT 25 000 + 3031 1.35 £ 0.20 0.65 + 0.12 8.0 +29
KUR 158 583 + 97 586 1.23 £ 0.24 0.54 £ 0.08 11.3 £3.5
KLR 467 917 + 23 7803 0.96 £ 0.18 0.37 £ 0.05 133 £ 1.5
KEXIT 134 917 4+ 38 894 0.75 £ 0.16 0.33 £ 0.02 10.7 £ 3.5
GUR 112 500 + 43 765 0.77 £ 0.35 0.31 +0.13 11.0+ 1.5
GLR 246 833 + 47 587 0.8+ 0.18 0.31 £ 0.07 14.0 £ 1.7
GEXIT 188 833 + 23 137 0.76 £ 0.42 0.30 + 0.14 10.7 £ 2.2
LT1 3000 + 1750 1.92 £ 0.31 0.96 + 0.04 8.0 + 3.0
LT2 11 125 £ 1875 2.72 £ 0.03 0.90 + 0.03 205+ 1.5
LT3 9722 + 2776 213+ 0.17 0.88 + 0.02 13.1 £ 25

Zooplankton USR 41 375 +£ 33 711 1.13 + 0.50 0.66 + 0.27 53+13
MUR 17 644 + 10 351 1.12 + 0.31 0.60 + 0.18 7.0+ 1.3
MMR 22 458 + 11 951 1.25 £ 0.15 0.76 + 0.09 53+07
MLR 56 299 + 42 415 1.18 + 0.30 0.67 + 0.13 55+07
MEXIT 30 828 +£ 21 110 1.49 + 0.28 0.70 + 0.12 93+23
KUR 52 233 + 48 410 1.16 + 0.43 0.55 + 0.18 7.7 £ 1.5
KLR 73 592 + 50 207 1.69 + 0.30 0.85 + 0.04 88 +28
KEXIT 51285 + 29 511 1.46 + 0.25 0.71 + 0.07 7.8 +£1.3
GUR 37 151 £ 20 905 1.57 + 0.46 0.72 + 0.18 83 +1.2
GLR 157 900 + 79 142 1.34 £ 0.35 0.65 £ 0.14 7.7 £09
GEXIT 24 436 + 15 075 1.45 +£ 0.28 0.67 £ 0.11 84 + 1.1

reduced from Masinga to Gitaru reservoirs, whereas the
number of enduring species remained similar in the three
reservoirs (Fig. 5).

DISCUSSION

Limnological parameters
River damming altered virtually all environmental vari-
ables in the study reservoirs (Table 2). The observed
gradual reduction in TSM down the reservoirs may have
resulted from reduced water flow speed, favouring the
settling of particles in the water. The elevated tempera-
ture in the reservoir water, compared to that in the river
water upstream of the reservoirs, is likely attributable to
the long water residence time, while the sudden decrease
in water temperature below Masinga Reservoir reflects
cold bottom water released from the reservoir (Pacini
et al. 1999). The extremely low DO levels in the Masinga
Reservoir outflow water is likely attributable to low
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oxygen conditions caused by a high oxygen demand in
the bottom waters and sediments because of remineral-
ization of sedimenting organic matter, and a limitation of
oxygen exchange with the atmosphere by seasonal water
stratification (Pacini et al. 1999).

The relatively elevated observed temperature in the
reservoirs, and reduced water flow (reduced turbidity),
may be among the factors contributing to the increased
Chl-a concentrations and the observed plankton commu-
nity structuring in the reservoirs (Table 6A), as evi-
denced from the observed relationship between TSM and
Chl-a (Pearson’s product-moment correlation, r = 0.56,
P < 0.05). Significant relationships also existed between
temperature and phytoplankton diversity (Pearson’s pro-
duct-moment correlation, r = 0.54, P < 0.05) and between
temperature and zooplankton diversity (Pearson’s product-
moment correlation, r = —0.47, P < 0.05) and evenness
product-moment r=—-0.57,
P < 0.05). The results of the present study, for example,

(Pearson’s correlation,
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Functional adaption

Phytoplankton Taxa

Zooplankton taxa

Extinction

Invasion

Tabellaria spp, Chaetoceros spp, Odontella spp, Pleurosigma spp,
Odontella spp, Eutreptiella spp, Melosira spp, Chlamydomonas
spp, Dinophysis spp, Biddulphia spp, Diploneis spp, Cymbella
spp and Amphora spp

Microcystis spp, Dictyocha spp, Volvox spp, Pandorina spp,
Ceratium spp, Cosmarium spp, Synura spp, Synedra spp,
Anabaena spp, Uroglena spp, Euglena spp, Coccomonas spp,
Peridinium spp, Choanoflagellidea spp, Hydrodictyon spp,
Pteromonas spp, Coelastrum spp, Coccolith spp, Asterionella spp,
Gyrosigma spp, Dinobryon spp, Lyngbya spp, Cyclotella spp,
Pseudo-Anabaena spp, Fischerella spp and Platymonas spp

Donacia spp. and Leptodiaptomus nudus

Abedus spp., Alona guttata, Anopheles spp.,
Branchionus calyciflorus, Ceriodaphnia spp.,
Ceriodaphnia lacutris, Chaoborus americanus,
Chaoborus punctipennis, Daphnia
middendorffiana, Daphnia spp., Diacyclops
spp., Diacyclops thomasi, Diacylops
bicuspidatus, Diaptomus clavipes, Diaptomus

Opportunistic

Pyramimonas spp, Nitzschia spp, and Microcoleus spp

Endurers

Avoiders Coscinodiscus spp

Oscillatoria spp, Staurodesmus spp, Pediastrum spp, Guinardia spp,

Navicula spp, spirulina spp and Closterium spp

spp., Dixa spp., Epischura spp., Eucalanus
spp., Eucyclops elegans, Gastropoda larvae.,
Hesperocorixa spp., Hydracarina spp.,
Leptodiaptomus sicilis, Macrothrix spp.,
Microcyclops rubellus, Microcyclops varicans,
Onychodiaptomus birgei, Orthocyclops
modestus, Ostracoda, Simocephalus
exspinosus, Skistodiaptomus oregonensis,
Skistodiaptomus reighardi and
Skistodiaptomus spp.

Aglaodiaptomus leptopus, Mesocyclops
edax, Diaphanosoma birgei; Diaphanosoma
birgei; Epischura lacustris; Acanthocyclops

robustus

Diaptomus siciloides, Choronomus spp,
Leptodiaptomus minutus

demonstrate that zooplankton evenness was negatively
related to temperature (Pearson’s product-moment correla-
tion, r = —0.57, P<0.05) and TSM (Pearson’s product-
moment correlation, r = —0.57, P < 0.05), while phyto-
plankton evenness exhibited a positive relationship with
NHI (Pearson’s  product-moment correlation, r = 0.57,
P < 0.05, Table 6A). A significant negative relationship
was observed between zooplankton taxa richness and
TSM, which is a function of water turbidity (Pearson’s
product-moment correlation, r = —0.61, P < 0.05). The
observed slight decline in the dissolved NH,-N concen-
trations, when comparing the inflowing and outflowing
waters from Kamburu and Gitaru reservoirs (Table 2),
may be attributable to phytoplankton preference for dis-
solved NH;-N to {(NO; + NO;)-N}. Dissolved NH,-N
preference by phytoplankton has been attributed to high
energy requirements associated with the assimilation of
{(NO; + NO;)-N} as a nitrogen (N) source (Eppley

et al. 1969; Yajnik & Sharada 2003). Thus, a significant
reduction in the dissolved NH;-N concentration down
the cascade, due to high plankton abundance in the
reservoirs, was expected. A non-significant reduction in
NHI-N was observed in the reservoirs, however, which
may be attributable to the high regeneration/respiration
rate in the reservoirs (range: 0.35 & 0.087-
1.33 4+ 0.16 umol L' h™Y), compared to the stations out-
side the reservoirs (range: 0.03 £ 0.08—
0.26 + 0.21 ymol L' h™Y) that may have produced rem-
ineralized dissolved ammonium that readily offset the
phytoplankton NH;-N demand and, therefore, the
observed non-significant reduction of NH,;-N concentra-
tions down the cascade.

The lower dissolved PO3 -P concentrations in the
reservoirs, compared to the concentration at the USR
site, may have been caused by an elevated uptake by
phytoplankton and by the subsequent sedimentation of
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Fig. 5. Functional adaptations of plankton in Masinga, Kamburu
and Gitaru reservoirs in response to river damming.

dead phytoplankton cells. Furthermore, POi’-P is known
to attach to sediments. Thus, the reduced levels in the
water column probably also resulted from particle sink-
ing. The observed reduction in the dissolved SiO, con-
centration in Masinga Reservoir, compared to USR site,
is a common phenomenon in the reservoirs, typically
linked to its utilization by diatoms (which were abun-
dantly present in the reservoirs), which deplete the dis-
solved SiO, in the water column by incorporating silica in
their cell structure, as well as the associated losses of the
dead cells to the sediments (Uku & Mavuti 1994; Diirr
et al. 2011). The more or less constant SiO, concentra-
tion observed at the reservoir sites (after the initial
reduction of dissolved silicates in Masinga, compared to
the Masinga Reservoir inflow), however, may be a result
of regeneration (e.g. dissolution of sedimented diatom
frustules that replenish the assimilated dissolved SiO, of
the water column).

Spatial distribution of phytoplankton and
zooplankton
Phytoplankton spatial distribution

The observed high phytoplankton abundance in the study
reservoirs, compared to the USR and DSR sites (Fig. 4),
is likely linked to the reduced water turbidity (e.g. low
TSM levels) resulting from reduced water velocities and
the associated settling down of particles in the reservoirs
(Table 2). The high phytoplankton biomass and abun-
dance have similarly been reported in systems with
longer water residence times, and more static flow condi-
tions, compared to systems with short water residence
times and/or highly variable flow velocities (Seballe &
Kimmel 1987; Sullivan et al. 2001).

The observed lower phytoplankton abundance in the
reservoir lotic zones, compared to the lentic zones
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(Table 4), was similarly reported for other water systems
by Wetzel (2001), who indicated that the lotic zones of
reservoirs operate like an extension of the river, in which
turbulence, sediment instability, high turbidity, reduced
light availability and other riverine characteristics limit
the algal production.

Reservoirs have been described as a hybrid between
rivers and natural lakes (Kimmel & Groeger 1984;
Seballe & Kimmel 1987), with intermediate properties
(e.g. flow velocity and water residence time that influence
plankton dynamics (Kimmel & Groeger 1984) and longi-
tudinal zonation, ecological structure and function of dif-
ferent aquatic ecosystems (Seballe & Kimmel 1987). The
results of the present study, however, indicate that posi-
tive relationships between water retention time and phy-
toplankton abundance was only true when considering a
single reservoir not serially placed along a river. A phyto-
plankton carry-over effect (release from the preceding
reservoir) was witnessed in the case of cascading reser-
voirs, with the smaller reservoirs (Kamburu and Gitaru)
having higher abundance than Masinga Reservoir,
despite their much shorter retention time (Table 1).

Spatial distribution of zooplankton

The high abundance of zooplankton observed in the lentic
zones of the study reservoirs, compared to the lotic zones
(Table 4), may be attributable to the reduced water speed
(longer retention times) in the reservoirs, with the associ-
ated reduction in advective downstream losses. This zona-
tion pattern is consistent with the findings of Basu and
Pick (1997) and Reckendorfer et al. (1999). Similarly,
Basu and Pick (1996) and Thorp et al. (1994) attributed
lower zooplankton biomass and abundance in the lotic
systems, compared to lakes (with similar nutrient and
Chl-a concentrations), to shorter water retention times.

Plankton communities dominance
The varied representation of the main taxa observed at
different sampling sites/reservoirs (Figs 3b,d and 6) sug-
gests varied community resilience to damming distur-
bances. The inverse relationship between zooplankton
evenness and temperature (= —0.57, P < 0.05) and
TSM (r = —0.57, P < 0.05) in the present study indicates
that different planktonic species can tolerate varying
ranges of physicochemical parameters. These differences
in tolerance levels determine the dominance of species in
different places and at different times (Sommer et al.
1993). Bacillariophyta, Cyanophyta and Dinoflagellates, for
example, exhibited high abundance in the reservoirs, com-
pared to the USR and DSR sites (Fig. 3b,d). The relatively
high abundance of copepods and cladocerans in the mid-
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Table 6. Correlation matrix of (A) plankton indices and environmental parameters, (B) phytoplankton and zooplankton indices

Phytoplankton  Phytoplankton Phytoplankton

Phytoplankton  Zooplankton Zooplankton Zooplankton Zooplankton

Abundance Diversity Evenness Richness Abundance Diversity Evenness Richness

(A)

Temperature -0.07 (0.54) 0.46 0.23 —0.42 (—0.47) (—0.57) -0.21
DO, mg L' 0.31 0.06 0.08 —0.05 0.16 0.04 -0.10 0.34

Conductivity —0.05 -0.04 -0.02 —0.06 0.39 —0.05 0.10 -0.31

DS —0.04 -0.13 —0.09 —0.08 0.44 0.01 0.19 -0.29

pH 0.32 0.27 0.27 0.1 0.25 —0.44 -0.38 -0.38

TSM -0.16 0.25 0.01 (-0.61) -0.26 (-0.61) (-0.57) (-0.49)

NH4 -0.31 0.36 (0.55) (—0.48) -0.29 0.25 0.11 0.36

NO3 0.29 -0.19 —0.42 (0.56) 0.10 -0.35 —0.46 —0.06

PO4 -0.17 0.22 0.17 0.08 -0.12 —0.06 -0.07 -0.12

SiO, —0.00 —0.08 —-0.11 0.03 —-0.42 0.22 0.26 0.17

Chl-a (0.56) 0.12 —-0.07 (0.54) -0.28 -0.41 -0.34 -0.28

(B)

Phytoplankton 1.00 - - - - - - -
abundance

Phytoplankton -0.40 1.00 - - - - - -
diversity

Phytoplankton (-0.51) (0.90) 1.00 — — — - -
evenness

Phytoplankton 0.37 0.22 -0.20 1.00 - - - -
richness

Zooplankton 0.16 -0.43 -0.37 -0.22 1.00 - - -
abundance

Zooplankton -0.32 —-0.42 —-0.11 (—0.81) 0.17 1.00 - —
diversity

Zooplankton —-0.43 -0.29 —0.03 (-0.71) 0.15 (0.93) 1.00 —
evenness

Zooplankton 0.09 (—0.55) -0.28 (—0.65) 0.16 (0.76) (0.48) 1.00
richness

Bold and bracketed r values are statistically significant, P < 0.05.

and lower reaches of the reservoirs is probably attributable
to longer water residence times, enabling these taxa to
complete their reproductive cycles before any advective
losses, as well as reduced water turbidity as reported for
other water systems by Basu and Pick (1996). High turbid-
ity is known to cause high mortality of juvenile zooplank-
ton and suppression of their growth, through reduced food
availability and visibility (Wetzel 2001).

Plankton community structure
Phytoplankton community structure
Although a number of plankton studies on reservoirs
have reported strong relationships between phytoplank-
ton abundance and nutrient availability, with some citing
nutrients as the principal factor controlling phytoplankton

abundance in fresh water (Quiblier et al. 2008; McCarthy
et al. 2009), the lack of a significant relationship between
nutrient levels and phytoplankton abundance in the pre-
sent study confirms that other factors may have con-
tributed in controlling phytoplankton abundance in the
study reservoirs (Table 6A). Non-dependency of phyto-
plankton composition and diversity indices on nutrients
was also reported by Danilov and Ekelund (1999) and
Karydis and Tsirtsis (1996), whereas Wehr and Descy
(1998) concluded that even though the variations in
water chemistry may alter the relative proportions of a
few dominant taxa, it often has little effect on the overall
phytoplankton assemblages.

The dominance of Bacillariophyceae (diatoms)
observed in the reservoirs (Fig. 3d) may be the result of
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their boom and bust nature. When light and nutrient con-
ditions in the upper mixed water layer become favourable
(as evident in the reservoirs), the diatoms, which are
opportunistic r-strategists (organisms with high growth
rate), quickly out-compete other organisms, thereby dom-
inating the water column phytoplankton communities
(Furnas 1990). Dominance of diatoms in tropical reser-
voirs is a common phenomenon (Wood & Talling 1988),
which is related to the availability of silicic acid (Egge &
Aksnes 1992), as well as the production of silica frustules
that require 80% less energy to synthesize, compared to
organic cell walls in other phytoplankton, thereby facili-
tating greater investment in growth (Raven 1983).

The observed significant negative correlation between
phytoplankton species richness and TSM (Table 6A) indi-
cates that water clarity (a function of water retention
time) could play an important role in structuring phyto-
plankton community. This is consistent with the findings
of Reynolds et al. (2002), who studied the role of physical
interactions in controlling phytoplankton dynamics in len-
tic habitats with minimal contribution from biotic interac-
tions.

The lower phytoplankton diversity observed in the
reservoirs, compared to the USR and DSR sites, may be
attributable to reduced ecological heterogeneity in the
reservoirs resulting from altered flow regimes. The reser-
voirs generally convert the formerly ecologically hetero-
geneous environment (with associated ripples, pools and
interaction with riparian land) into a homogeneous one,
thereby interfering with successional trajectories, habitat
diversification, migratory pathways and other processes
that can reduce the biodiversity (Naveh & Liebermann
1994; Herault & Honnay 2005). The higher taxa diversity
at the USR and DSR sites could also be attributed to a
‘portfolio effect’ that recognizes that, although different
taxa abundance can respond differently to a given envi-
ronmental perturbation, the diverse responses average
when considered together, thereby creating a stabilizing
function that preserves the integrity of the overall assem-
blage despite existing disturbances (Doak et al. 1998).

The interaction between the River Tana and the ripar-
ian landscape is greatly reduced in the dammed areas of
the river, compared to undammed areas, thereby result-
ing in lower taxa richness observed in the reservoirs.
This is consistent with the findings of Shurin and Havel
(2002) and Ward ef al. (1999), which supported the
important role of riverine riparian landscape in structur-
ing species composition and richness patterns. Nogueira
et al. (2010) similarly reported reservoir morphological
complexity as an important factor controlling phytoplank-
ton richness and diversity. This was confirmed in
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Masinga Reservoir, which exhibited higher taxa diversity,
compared to Kamburu and Gitaru reservoirs, because of
its higher morphological complexity resulting from its
dendritic shape (Pacini et al. 1999).

Zooplankton community structure
Zooplankton taxa abundance, diversity, richness and
evenness remained relatively higher in the reservoirs,
compared to USR site (Table 4; Fig. 4Z1-4). Generally,
zooplankton abundance generally exhibited a trend simi-
lar to that of their main food source (phytoplankton),
which was equally more abundant in the reservoirs
(Fig. 4P1 and Z1). Food availability has been shown to
have a strong bottom-up control on zooplankton biomass,
abundance and species composition in many aquatic sys-
tems (Morales-Baquero ef al. 1994; Burns & Dodds
1999). Furthermore, zooplankton dynamics has been
reported to exhibit a gradient similar to that of their food
sources (Neary et al. 1994).

The lack of a significant negative relationship
between phytoplankton and zooplankton abundance indi-
cates an absence of a strong top-down control on the
phytoplankton community. This finding confirms the
reported inability of zooplankton to shape or control
phytoplankton in tropical reservoirs (Melo & Huszar
2000; Ruckert & Giani 2008). This finding is different
from that of Mineeva et al. (2008), however, who
reported that phytoplankton was controlled by physical
processes in the lower retention time systems, while
biotic interactions are more important in higher water
retention time systems.

The observed dominance by copepods in the reser-
voirs was not surprising. However, this study only
reported high abundance and dominance of copepods
and cladocerans, a finding different from documented
works on other African water bodies, including Lake
Cubhu (Martin & Cyrus 1994), Ogun and Ona rivers
(Akin-Oriola 2003) and Niger-Sokoto River (Jeje & Fer-
nando 1992), which also reported a high abundance of
rotifers, in addition to copepods and cladocerans.

The relatively high abundance of copepods and clado-
cerans in the reservoirs may have been caused by a mix-
ture of factors, including reduced water flow speed
(reduced advective losses), high growth rates and the
abundant diatoms on which they graze. An increase in
zooplankton number and biomass, following an increase
in phytoplankton biomass and production, was similarly
reported by Rocha ef al. (1999). Daphnia are known to
have large body size, enabling them to graze on large
quantities and diverse forms of the abundant phytoplank-
ton. This morphological feature probably facilitated the
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predominance of Daphnia among the cladocerans. The
low abundance of rotifers observed in the reservoirs
(although not ascertained in this study) may be attributa-
ble to extensive grazing by the abundant Daphnia in the
reservoirs. Similarly, the lower abundance of rotifers in
the reservoirs could have resulted from increased water
residence time in the reservoirs. Lower abundance of
rotifers in reservoirs was also reported by Baranyi et al.
(2002), who attributed rotifers dominance to low or med-
ium water residence times, and crustaceans dominance
to longer residence times.

The higher zooplankton taxa number encountered in
the reservoirs (Fig. 4Z4) agrees with the findings of
Rocha et al. (1999), who reported higher species richness
in reservoirs. Reservoirs have several biotic (reproduc-
tion, completion, predator and food availability) and abi-
otic factors (temperature, transparency, nutrients, water
retention time and age) that closely interact with, and
modify, each other to cause the high species numbers
observed in reservoirs (Seballe & Kimmel 1987; Basu &
Pick 1996), similar to the present study, with the signifi-
cant negative relationship between zooplankton taxa rich-
ness and TSM (Pearson’s product-moment correlation,
r = —0.49, P < 0.05), which is a function of water turbid-
ity.

The observed positive correlation between phytoplank-
ton diversity and evenness (Pearson’s product-moment cor-
relation, r = 0.90, P < 0.05) and the negative correlation
between taxa evenness and abundance (Pearson’s product-
moment correlation, r = —0.51, P < 0.05, Table 6B) con-
firm that phytoplankton species diversity was mostly
affected by population evenness, compared to species
number. A strong positive correlation between phyto-
plankton taxa evenness and species diversity, which has
been reported in other studies (e.g. Stirling & Wilsey
2001; Ricotta & Avena 2003), was also confirmed in the
present study. Positive correlations between zooplankton
diversity and richness (Pearson’s product-moment correla-
tion, r = 0.76, P < 0.05) and evenness (Pearson’s product-
moment correlation, r = 0.48, P < 0.05), however, indicate
that both species number and densities can influence zoo-
plankton species diversity.

Community resistance and resilience to
river damming disturbance
Riverine system is known to function as an ecological net-
work, with longitudinal and transversal transfer of water,
sediments and nutrients (Petts & Bradley 1997).
Obstructing a river, however, dissipates its energy to cre-
ate a lentic habitat (disturbance), which typically results
in changes in the community composition and structure
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by an influx (colonization/invasion) of species from the
drainage network, and a loss (extinction) of species less
adapted to the changed environmental conditions. To this
end, colonization and extinction of local populations are
important aspects of community composition and diver-
sity for defining long-term conservation objectives (Han-
ski 1999). Plankton in the present study were classified
into four broad functional adaptations categories of popu-
lation strategies (Fig. 5 and Table 5).

Community invasion

Altered conditions created by reservoir development,
including altered flow regimes, reduced ecological hetero-
geneity, increased resource availability and low species
biodiversity in the reservoirs, may comprise the main rea-
sons for the observed species invasion in the cascade,
namely 26 phytoplankton and 33 three zooplankton taxa
not encountered upstream of the reservoirs, but success-
fully colonizing the reservoirs. Spatiotemporal hetero-
geneity in physiochemical environment and food
resources in the reservoirs, for example, may have pro-
vided multiple niches for invasive species. The high phy-
toplankton abundance observed in the present study may
have created a favourable environment for zooplankton
invasion in the reservoirs by reducing the abundance of
native species and the intensity of biotic interactions,
thereby creating a ‘resource gap’ which may have been
filled by potential invaders. An increased susceptibility of
communities to invasion resulting from anthropogenic
disturbances elsewhere has also been documented by
Orians (1986). Furthermore, Davis et al. (2000) and
Havel ef al. (1995) predicted that communities become
more susceptible to invasions whenever and wherever
there is an increase in the availability and quantity of
unused resources.

The observed invasive species in Masinga, Kamburu
and Gitaru reservoirs (Fig. 5) indicate that the three
reservoirs are highly connected river-reservoir systems,
thereby exhibiting a great potential for enhancing colo-
nization rates of invasive species from downstream trans-
port. This is supported by propagule pressure theory,
which identifies the degree of immigration by new indi-
viduals as a major factor predicting the success of inva-
ders in colonizing new ecosystems (Kolar & Lodge
2000). Masinga Reservoir behaved in the present study
as a source of colonizing organisms. Once an invasive
population was established in Masinga Reservoir, it
served as a stepping stone for further invasions in the
downstream reservoirs, thereby greatly enhancing their
invasion rates (e.g. Shigesada & Kawasaki 1997).
Masinga Reservoir similarly modified the hydrological
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and ecological interactions of Kamburu and Gitaru reser-
voirs, thereby increasing the chances of invasion of these
reservoirs.

The observed high taxa diversity upstream and down-
stream of the reservoirs may have contributed to the
resistance of these systems to species invasion, consis-
tent with the findings of Kennedy ef al. (2002) that high
species diversity and ecological interactions increased the
resistance to invasion. The findings of the present study
also support the insurance hypothesis (Tillman 1999),
which postulates that more diverse assemblages are
more likely to display a range of functional traits, thereby
increasing the probability of one species compensating
for the negative responses of other species to distur-
bances. Furthermore, Elton (1958) reported that intense
interspecific interactions (predation, competition and par-
asitism) in the natural systems provided a barrier to
potential colonization.

Daphnia species were reported in the present study
as being invaders. Daphnia are known to have large bod-
ies, and possess morphological structures such as spines,
helmets and neck teeth that create a handling difficulty
for most of their predators (Kolar & Wahl 1998; Tollrian
& Dodson 1999). These mechanisms create a selective
predation which may have discriminated Daphnia, mak-
ing them successful invaders in the reservoirs.

Community extinction and proliferation
Damming rivers alters habitats from being heteroge-
neous lotic to homogenous lentic habitats, thereby elimi-
nating organisms that are better adapted to the
substituted habitat, while creating vacant niches (Elton
1958; Kolar & Wahl 1998) with lowered competition and
predation rates (Lodge 1993), which opportunistic organ-
isms can take advantage of and proliferate (Table 5).
Opportunistic (K-selected) taxa generally demonstrate
more competitive traits with a significant investment on
growth, which may have contributed to their dominance
in the study reservoirs.

Potential harmful algae and associated
ecosystem/human health implications
Phytoplankton are important primary producers that form
the base of the aquatic food chain. Nevertheless, some
plankton species may be harmful to human and other
vertebrates (Crawley 1986). Thirty-two taxa of potentially
harmful algae were encountered in the present study
(Table 3). Whereas there was a higher taxa number of
potentially harmful algae downstream of the reservoirs,
their cell densities were low, compared to the in-reservoir
levels. A total of 7 potentially harmful algal taxa (but in
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low densities) were observed upstream of the reservoir,
whereas the reservoirs themselves contained a total of 10
taxa in relatively high densities. Harmful algae species
are of special concern because they are a potential cause
of mortality to organisms when present in high numbers
because of the development of anoxic conditions or pro-
duction of biotoxins. Biotoxins are also responsible for
extensive fish and shellfish die-offs, as well as mortality
to birds, mammals and other animals in the same food
webs (LIFEHAB 2001). The wide distribution of poten-
tially harmful algal taxa from the upstream to the down-
stream end of the reservoirs agrees with the findings of
Hallegraeff (1993), LIFEHAB (2001) and Van Dolah
(2000), who reported that harmful algae taxa have
increased worldwide, ranging in water from fresh to estu-
arine and marine and exhibiting enormous impacts on
aquatic ecosystems (Smayda 1990). The study reservoirs,
however, promoted the development of potentially harm-
ful algal taxa present in very high densities, compared to
the riverine stations.

Dinophysis sp., Pseudo-Nitzschia sp., Gamberidiscus,
Anabaena sp. and Nodularia spumigena were encountered
in the reservoirs, being known to cause discoloration,
anoxic conditions and produce toxins that can accumu-
late in the food chain, causing toxicity to humans and
other higher animals. Dinophysis sp. produces okadaic
acid, for example, which causes diarrhoetic shellfish poi-
soning (DSP), a condition characterized by gastrointesti-
nal tract symptoms (nausea, diarrhoea, vomiting,
abdominal pain) that follow chronic exposure and that
may evolve into digestive system tumours. Pseudo-
Nitzschia sp. produces domoic acid, which causes amne-
sic shellfish poisoning (ASP), with signs of short-term
memory loss accompanied by gastrointestinal tract and
neurological symptoms. Anabaena sp. produces micro-
cystin (Granéli & Hansen 2006), while cyanobacteria
Oscillatoria sp. are known to produce debromoaplysia
toxin (Pattanaik ef al. 2010), which are highly inflamma-
tory and potent skin tumour-promoting compounds.

CONCLUSIONS AND RECOMMENDATIONS
Tana River damming generally altered the river hydrol-
ogy and the associated transport of materials, thereby
resulting in habitat fragmentation, species isolation and
reduced ecological heterogeneity. This situation has
resulted in increased rates of extinction, proliferation and
invasion in Masinga, Kamburu and Gitaru reservoirs.

The cascading reservoirs resulted in reduced phyto-
plankton diversity, evenness and richness. Whereas eco-
logical recovery was observed downstream of the study
reservoirs, it is noted that the exact point of recovery
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was not ascertained in the present study. Thus, down-
stream ecological effects may have been experienced in
the immediate downstream stretch affected by the reser-
voirs.

Even though no major impacts of harmful algae have
been reported in the Tana River reservoirs, the presence
of the various potentially harmful algal taxa in the study
reservoirs is an indication of potential threat of future
bloom occurrences, with the risks of biotoxin contamina-
tion in the expected scenarios of future increased reser-
voir construction, eutrophication and climate change.

There is an urgent need to devise ways through which
the reported ecological impacts of reservoirs can be
addressed. This observation is consistent with the grow-
ing need to preserve and restore aquatic and riparian bio-
logical diversity before extinction eliminates the
opportunity (Kauffman ef al. 1997). Such efforts are par-
ticularly important to seriously consider, even as the
Government of Kenya plans to construct additional reser-
voirs in River Tana, including the proposed 1.5 billion
euros High Grand Falls Reservoir.
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