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Lake Alaotra wetlands: how long can Madagascar's
most important rice and fish production region
withstand the anthropogenic pressure?

Pina L. Lammers! ! Torsten Richter!, Patrick O.
Waeber!. !l Jasmin Mantilla-Contreras!

ABSTRACT

The Alaotra wetlands represent the biggest lake and wetland
complex in Madagascar and are home of several endemic spe-
cies. The region constitutes the largest rice production area and
inland fishery of Madagascar. Rice and fish are the main local
sources of income. While the population has increased fivefold
during the last 40 years, the growing need for resources is conti-
nuously increasing the pressure on the wetland system. In this
study, vegetation and water parameters were collected within
three sites differing by level of degradation in order to evaluate
the current ecological state of the wetland. The results show that
high levels of ongoing anthropogenic disturbance are favoring the
formation of a new plant community in the fringe area of the
marsh belt. This area is now dominated by invasive species such
as the water hyacinth (Eichhornia crassipes) which shows a mean
coverage up to 53% and water ferns (Salvinia spp.) with a mean
coverage up to 31.4%. Lake water levels were very low and de-
creased during the dry season to a mean level of only 3 cm in the
littoral zone. Signs of eutrophication like hypoxia (mean saturation
of only 22%), increased phosphate concentrations (1.18 mg L)
and black colored, foul smelling water were observed. Under a li-
kely scenario of growing anthropogenic pressures, it remains un-
clear what the current trends will bring for the wetland's future.

RESUME

La zone humide de I'Alactra représente le plus grand lac et com-
plexe de zones humides de Madagascar hébergeant plusieurs es-
peces endémiques. La région constitue la premiére production de
riz et de péche dulcicole de Ile. Le riz et les ressources piscicoles
sont les principales sources de revenus locaux. L'effectif de la
population humaine locale a été quintuplé au cours des dernieres
40 années et les besoins en ressources ont augmenté en
conséquence de sorte que les pressions sur la zone humide ont
été exacerbées. Dans cette étude, des parametres portant sur la
végétation et I'eau du lac ont été collectés dans trois sites qui dif-
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ferent par le niveau de dégradation pour évaluer I'état écologique
actuel de la zone humide. Les résultats montrent que le niveau
élevé des perturbations anthropiques favorise la formation d'une
nouvelle communauté végétale sur la ceinture du marais. Cette
zone est dominée par des especes de plantes envahissantes a
I'exemple de la jacinthe d’eau (Eichhornia crassipes) dont la cou-
verture moyenne est de 53% et de la fougere d’'eau (Salvinia spp.)
avec une couverture moyenne de 31,4%. Les niveaux du lac sont
bas et diminuent jusqu’a 3 cm de moyenne dans la zone littorale
pendant la saison séche. Des signes d'eutrophisation comme
I'hypoxie (saturation moyenne de 22%), I'augmentation de la
concentration de phosphate (1,18 mg L) et la présence d'eau de
couleur noire et nauséabonde ont été observés. Dans un possible
scénario avec une augmentation des pressions humaines, les ten-
dances actuelles restent difficiles & comprendre pour I'avenir de
la zone humide.

INTRODUCTION

Wetlands are diverse ecosystems, including both fresh water and
marine habitats (sensu Van der Valk 2012). They build the transi-
tion zone between land and water and fulfill various ecological
functions such as nutrient and groundwater retention and supply,
flood control and flow regulation, sediment retention, erosion and
salinity control, water purification and climate stabilization. Wet-
lands further provide crucial ecosystem services to humans such
as water, fish, natural products (e.g., construction material, crafts
and medicinal plants) and resources for agriculture, cattle farming
and energy production, game, wood and services like facilitation
of transport and recreation (Dugan 1990, Roggeri 1995, Mitsch and
Gosselink 2000, Turner et al. 2000, Junk 2002).

The Alaotra wetlands, situated on the northeastern part of
the Madagascar highlands, are formed by the Lake Alaotra (less
than 20,000 hectares of open water body), and by 23,000 ha of
fresh water marshes (Bakoariniaina et al. 2006, Copsey et al.
2009a). The surrounding 120,000 ha of rice fields constitute Mada-
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gascar's biggest rice production area with an annual yield of ca.
300,000 tons (Plan Régional de Développement 2005). In addition,
Lake Alaotra supplies the country with 2,500 tons of freshwater
fish annually (ibid).

The wetland complex provides habitat for a variety of plant
and animal species. At least three vertebrate taxa are microende-
mics: the Alaotra gentle lemur (Hapalemur alaotrensis) is Critically
Endangered with an estimated population of less than 2,500 indi-
viduals in 2005 (Ralainasolo et al. 2006, Ratsimbazafy et al. 2013),
the Madagascar rainbowfish Rheocles alaotrensis (Bedotiidae)
(Reinthal and Stiassny 1991) and a recently described small carni-
vore Salanoia durrelli (Eupleridae) (Durbin et al. 2010).

Although declared as a Ramsar site of international impor-
tance in 2003 and ‘Nouvelle Aire Protégée’ since 2007, the wet-
land system experiences continuous anthropogenic pressures
and degradation (Peck 2004). During the last 50 years, the human
population in the two lake districts has increased fivefold from
some 110,000 inhabitants in 1960 (Pidgeon 1996) to over 560,000
inhabitants (INSTAT 2013) leading to a steadily increasing demand
for natural resources and agricultural land. While the fresh water
marshes are shrinking due to burning and conversion into rice
fields, the lake suffers from massive overfishing. Further problems
include the invasion of non-native fish and plant species. Among
invasive plant species, the water hyacinth (Eichhornia crassipes) is
one of the most problematic while it causes several ecological,
social and economic problems; water loss due to increased
evapotranspiration, oxygen loss, decreased phytoplankton pro-
ductivity (associated with changes in the food web) due to de-
creasing light conditions, loss of biodiversity and clogging of
waterways (Masifwa et al. 2001, Rommens et al. 2003, Man-
gas-Ramirez and Elias-Gutierrez 2004, Andrianandrasana et al.
2005, Villamagna and Murphy 2010).

Water loss and the decreasing open water surface represent
serious problems in the area since Lake Alaotra is a shallow lake
with a maximum depth of four meters. Sedimentation, transfor-
mation of water and streams for agricultural irrigation and envi-
ronmental degradation have already reduced the lake to 20-30%
of its original size (Bakoariniaina et al. 2006, Kusky et al. 2010).
Shallowness and tropicality imply that physical aspects of water
depth and water temperature are the determining features in the
environmental regulation of the lake system (Talling 2001). Shallow
lakes show a higher sensitivity towards rapid changes in those
two parameters. While wetlands in tropical Africa seem to be well
documented (e.g., Lake Chilwa (two meters depth, Howard-
Williams 1975), Lake Chad (four meters depth, El-Shabrawy and Al-
Ghanim 2012), Lake George (2.4 m depth, Ganf 1974), Lake Naiva-
sha (four meters depth, Gaudet 1977), Lake Nakuru (four meters
depth, Vareschi 1982), there is a lack of research on freshwater
lakes in Madagascar. For Lake Alaotra, studies have mainly focu-
sed on population biology, distribution and behavior of vertebrate
species, especially on Hapalemur alaotrensis, as well as on bird
and fish species (Wilmé 1994, Mutschler et al. 1998, Hawkins et al.
2000, Nievergelt et al. 2002, Waeber and Hemelrijk 2003, Ralaina-
solo 2004, Ralainasolo et al. 2006, René de Roland et al. 2009,
Guillera-Arroita et al. 2010). There are few studies only including
ecological data and interactions, e.g., studies focusing on different
trophic levels and on the consequences of environmental
changes on habitat quality and biodiversity. The last comprehen-
sive study about the ecological state of the lake dates back to
some 20 years (Pidgeon 1996). The marsh vegetation is important
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in terms of habitat and food source for terrestrial and aquatic
communities. Changes in vegetation heterogeneity and composi-
tion are therefore important attributes to assess ecosystem func-
tioning. Physico-chemical features of the water (e.g., water level
and temperature, dissolved oxygen, pH, luminosity, conductivity
and nutrient content) are determining ecological parameters for
aquatic communities (Lévéque 1997, Prepas and Charette 2003,
Ekau et al. 2010). However, the terrestrial system relies on the
aquatic system as well. This article will present an update of the
lake’s water quality and vegetation parameters in order to draw
some general conclusions on the current wetland conditions.

METHODOLOGY

STUDY AREA. The study was conducted at Lake Alaotra

(E048° 26", S17° 31), Madagascar (Figure 1). The lake is situa-
ted 750 m above sea level and lies in a tectonic basin encompas-
sing an area of 685,500 ha (Andrianandrasana et al. 2005, Ferry et
al. 2009, Kusky et al. 2010). The lake is shallow with water depths
of 1.5 to 2 m on average and a maximum of 4 m during the rainy
season (Pidgeon 1996). The lake obtains water from infiltration, ru-
noff and flooding (Ramsar 2007). Four main rivers feed the Lake
Alaotra: the Anony and the Sahamaloto in the north and the Saso-
mangana and the Sahabe in the south. The Maningory in the nor-
theast constitutes its effluent (Chaperon et al. 1993). The Alaotra
region is characterized by a tropical climate. Mean annual tempe-
rature is 20.6 °C, but ranges from 11.1 °C in July to 28.4 °C in Ja-
nuary (Ferry et al. 2009). The basin is characterized by an annual
precipitation of 900 to 1,250 mm with a maximum of 250 mm in
January during the warm rainy season (November—March).

The freshwater marshes of Lake Alaotra are dominated by
sedges and grasses. The higher strata is presented by common
reed (Phragmites australis), cyperus (Cyperus madagascariensis)
and the Convolvulaceae, Argyreia vahibora, while the lower strata
is settled by Cyperus latifolius, Leersia hexandra, the fern Cycloso-
rus interruptus, Persicaria glabra and Echinochloa pyramidalis
(Mutschler and Feistner 1995, Pidgeon 1996, Ranarijaona 2007). At
least three invasive species have colonized successfully the shal-
low areas of the lake: the invasive Eichhornia crassipes, and the
water ferns Salvinia molesta and Azolla spp. (Andrianandrasana et
al. 2005).

STUDY SITES. Three different sites were chosen for this study
in terms of location at the lake, human population density
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Figure 1. Location of the Alaotra wetlands and the study sites Vohimarina (D1),
Andreba (D2) and Anororo (D3). (Modified from Durrell 2012)
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and level of degradation: Andreba, Anororo and Vohimarina (Fi-
gure 1). The level of degradation was defined a priori by (i) protec-
tion status and existence of local management units for the
marshes, (i) abundance of the invasive Eichhornia crassipes, (iii)
intensity of fishery activities, (iv) presence of sanitation and (v) wa-
ter level. Evaluation of the criteria was based on information from
the fokontany (smallest administrative unit in Madagascar) and di-
rect observations. Vohimarina, on the northern side of Lake Alao-
tra (E048° 32' 59.7", S17° 20" 02.4", 761 m a.s.l.) has a population
of less than 500 inhabitants and encompasses 300 ha of marshes
(Andrianandrasana et al. 2005); its marshes are defined as low-de-
graded (D1). It is described by a low water level, a village with low
fishery activities and a low E. crassipes occurrence as well as the
presence of sanitation and a community-based association (VOI,
Vondron' Olona Ifototra) for the management of the marshes. An-
dreba, on the east side of the lake (E048° 30' 08.0", S17° 37' 51.7",
739 m a.s.l.) has 4,800 inhabitants and 235 ha of marshes (Andria-
nandrasana et al. 2005). Its marshes are intermediate-degraded
(D2). Like Vohimarina, Andreba has a sanitation and a VOI but dif-
fers in terms of increased fishery activities and higher abundance
of E. crassipes. Anororo, on the west side of the lake
(E048° 26' 01.4", S17° 30' 44.0", 724 m a.s.l.) has a population of
8,000 inhabitants (Copsey et al. 2009b) and entails 9,850 ha of
marshes (ibid). Water levels are higher than in the other sites. Its
marshes are considered as highly-degraded (D3) because of a
high occurrence of E. crassipes combined with high fishery activi-
ties, no sanitation and the absence of the VOI in 2012/13.

DATA SAMPLING. Environmental parameters were assessed

in the marsh vegetation and open water of the lake across all
three sites from November 2012 to April 2013. For each study site,
9 line transects (each of 220 m length and 1 m width) were esta-
blished along the lake shore (Figure 2a, b). At all three locations, a
canal represents the main connection between the village and the
lake. Through the canal, municipal and agricultural wastewater is
discharged directly into the lake. Further, the canal and its sur-
roundings are subjected to mechanical disturbance by frequent
boat traffic, fishery and cultivation activities. To detect habitat
changes along a nutrient and mechanical disturbance gradient,
four transects were placed on both sides of the canal and one
transect was located near the canal (10 m). The ecological state of
Lake Alaotra was assessed by sampling vegetation and water
parameters. Vegetation parameters were assessed in all transects,
whereas the water parameters were determined in the core-tran-
sects only (Figure 2a, b).

WATER PARAMETERS. The water depth (cm) was determined

using a measuring rod. Water quality was assessed by mea-
surements of conductivity (US cm-"), pH, temperature (°C) and dis-
solved oxygen (mg L1 and %). All water quality measurements
were performed with a digital multi-meter (WTW, Multi 350i). Lumi-
nosity (lux) was recorded with a digital lux-meter (PHYWE, model:
07137-00). Water quality and depth were sampled along the four
core-transects. Daily physicochemical fluctuations were accoun-
ted by sampling the water parameters during four periods:
0700-1000h, 1000-1300h, 1300-1600h and 1600-1900h. The tem-
porarily low water levels of the lake during the dry season made it
difficult to reach the plots by boat and thus measurements were
restricted to n= 20 per day. To detect seasonal changes, data were
collected during the period of lowest lake water levels at the on
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Figure 2. Direction and location of transects and plots in the littoral zone of Lake
Alaotra. (a) Four transects were set out on each sides of the canal. One transect
was additionally installed near the canal (10 m distance). (b) In each transect, a
total of ten 1 m2-plots were installed, four in the lake shore vegetation — 20, 10, 5
and 1 m from the water edge — and six plots in the open water - 1, 10, 20, 50, 100
and 200 m from the lake shore vegetation. (The geographical coordinates of all
plots were determined using a UTM, WGS 84 GPS)

set of the rainy season in 2012 (December 2012-January 2013; it
only started raining in February; for brevity, it will be termed ‘dry
season’ for the remainder of this manuscript) and during
March-April 2013; this will be termed ‘rainy season’. Sampling du-
ring the dry season was performed in surface water (0-10 cm
depth) of the open water plots (10-200 m); due to higher water le-
vels in the rainy season, analyzes were additionally done in plots
within vegetation (20 and 10 m) and within deep water (1.5 m
depth). In total n= 240 measurements were performed during the
dry season versus n= 672 measurements in the rainy season.

Nutrient concentrations were measured during midday in
two core-transects per site using a photometer (WTW, Photoflex
Turb). Samples to detect nitrite (NO,), nitrate (NO5) and phosphate
(PO,3) were taken in the surface water (0-10 cm depth). For these
measurements, open water plots (10 m to 200 m) during the dry
season (December 2012-January 2013, n = 30) and the rainy sea-
son (March-April 2013, n= 30) were sampled. Ammonia (NH,*)
could not be measured due to the high air temperatures at the
study sites and the missing option for cooling.

VEGETATION PARAMETERS. The lake shore vegetation was

described using plant diversity, species abundance and com-
position as well as vegetation structure. Data were collected from
February until March 2013 in all plots (n= 270). Plant species rich-
ness, total plant cover per plot and cover of each species were
determined. Plant cover estimations were obtained in percentage
for each plant species applying Londo’s decimal scale (Londo
1976) and completed by open water and dead organic material
cover estimates in percentage. Plant species were determined in
the herbarium of the Parc Botanique et Zoologique de Tsimbaza-
za, Antananarivo, Madagascar. Vegetation structure was measured
in all plots and was defined by vertical density of the vegetation,
visually estimated as percentage in the plot (1 m section) for defi-
ned height intervals.

DATA ANALYSES. All statistical tests were done with the soft-

ware SPSS for Windows (IBM, version 21). The comparison of
data was performed with the nonparametric Mann-Whitney U-test
for independent samples (two-tailed). Because of multiple compa-
risons a level (o = 0.05) was lowered using the sequential Bonfer-
roni correction (Bland and Altmann 1995, Abdi 2010).
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To detect site specific differences of plant species cover,
plots without vegetation cover (100% open water surface) were
excluded resulting in a sample size of n = 175. For the comparison
of plant species abundance related to human disturbance, tran-
sects near the canal (200 m and 10 m) were compared with the
ones located in a greater distance (400 m, 600 m, 800 m). Water
parameters were analyzed with respect to seasonal changes, site
specific differences, differences between deep and surface water,
vegetation and open water. Water parameters within vegetation
plots were analyzed separately because only sampled during the
rainy season. Nitrite, nitrate and phosphate contents of the water
were analyzed in order to detect seasonal changes and diffe-
rences between the low-, the intermediate- and the high-degra-
ded site.

RESULTS

Conductivity: The concentration of dissolved material present
in ionic form was generally low for all the study sites (Table 1). Du-
ring the dry season, mean values ranged from 79 uS ¢cm-1 in Vohi-
marina (D1) to 98 uS cm-' in Andreba (D2). In contrast, during the
rainy season mean values decreased significantly (p < 0.001,
n = 160) to a range between 50 uS cm™ for Anororo (D3) and
81 uS cm- for Vohimarina (D1).

pH: During the dry season, mean values of pH measured in
the surface water ranged between 6.8 in Andreba (D2) to 7.0 in
Anororo (D3J). In the rainy season, the pH ranged from around 6.4
(D2 and D3) to 7.4 (D1) (Table 1). Minimum pH ranged between 5.6
and 6.1 in the dry season and 6.0 to 6.5 in the rainy season
(Table 2).

Water level: The water level of Lake Alaotra was subjected to
high seasonal fluctuations (Table 1). During the dry season, the
water level in the littoral zone ranged from 14.6 ¢cm (D3) to
11.7 ¢cm (D1) and was extremely low in Andreba (D2) with a mean
level of three centimeters (Figure 3a, b). In the rainy season it rai-
sed up significantly (p < 0.001, n = 160) ranging between 182 cm
in Andreba (D2) and 205 cm in Vohimarina (D1).

Table 1. Mean (X), standard deviation (SD) and range (Min., Max.) of the water
parameters at the three study sites with different level of degradation.
(Vohimarina, D1 = low, Andreba; D2 = intermediate, Anororo; D3 = high. Presented
are data measured within the open water in the dry season (surface water) and
the rainy season — surface water and deep water — determined during four
periods a day: 7000-1000h, 1000-1300h, 1300-1600h and 1600-1900h. Asterisks
shown with the values of the dry season (surface water) indicate statistical
significant differences between dry and rainy season (n = 160). Asterisks
presented with the values of the rainy season (deep water) indicate statistical
significant differences between surface and deep water (n = 160); significance
level: p<0.05=* p<0.01=**p<0.001 = ***)

Water D1 (n= 80) D2 (n= 80) D3 (n= 80)
X SD Min. Max.] X SD Min. Max| X  SD Min. Max.

Conductivity (uS cm)| 80" 121 65 131 98" 20 67 156 | 89" 146 62 116

_| Dpo(mglLY 50 16 01 74| 37 19 01 77|63 11 23 80
2 DO (%) 70 2 12 9| 52 28 16 135| 92 189 30 123
=8 pH 69" 02 56 7.3 |68™ 03 62 79 |70™ 03 61 76
S8 Temp(o) 206" 30 219 364| 308 44 213 413|208™ 37 232 368
S| | Max Water level (cm) [ 1.7 46 05 23 | 30" 23 10 100|146™ 44 70 22
Sl Light (lux) 919" 699 46 2839| 326" 263 14.3 1272|1826™ 1407 23 6350
S| [Conductivity usem”)| 64 24 60 81 | 8 97 66 109| 50 61 31 62
8lc| DOmgL) 53 07 39 66| 34 21 02 75| 31 15 05 80
s|g DO (%) 69 94 44 89| 50 32 23 17| 42 2 67 110
d pH 74 03 65 83| 64 02 61 68| 64 03 60 70
5| Teme () 257 09 240 201| 206 27 260 353| 257 13 235 294
Max. Water level (cm) | 205 6.9 195 220 | 182 92 170 205| 195 49 185 200
Light (lux) 530 419 100 1779] 149 143 00 525| 1066 1422 00 6830

2| [Conductivity (s cm)| 64 13 58 69 | o5 113 74 122] 50 53 41 59
Sle|  DO(mgLY) 54 07 32 68| 21* 04 12 31| 31 09 17 50
2|8 DO (%) 7290 47 89| 28 50 166 43 | 41 122 22 65
&% pH 74 04 65 83|63 01 61 66| 64 02 60 70
Z§|  Temp(o) 251" 06 238 266|268 07 258 282| 250" 07 224 268
8™ | Max. Water level (cm) | 205 69 195 220 | 182 92 170 205| 195 50 185 200
a Light (lux) 00" 00 00 00 |38™ 164 00 99 | 00™ 00 00 00
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Table 2. Mean (x), standard deviation (SD) and range (Min., Max.) of nitrate, nitrite
and phosphate at the three study sites with different level of degradation. (D1 =
low, D2 = intermediate, D3 = high. Measurements in the dry season and in the
rainy season are presented. Samples were taken during midday (1300h) in the
surface water (depth = 0-10 cm). Asterisks shown with the values of the dry
season indicate statistical significant differences between dry and rainy season;
significance level: p < 0.05=*,p <0.01 = **, p <0.001 = ***)

D1 (n=10) D2 (n=10) D3 (n=10)

Water f

X SD Min. Max.| X SD Min. Max.| X SD Min. Max.

Nitrite (mg L-1) 0.13** 0.02 0.11 0.16 [0.04* 0.02 0.02 0.06 | 0.11*** 0.06 0.04 0.17

Nitrate (mg L-1) [ 4.36* 2.01 270 9.40 | 2.04** 0.77 1.30 3.60 | 2.88* 124 1.10 4.70

Dry season

Phosphate (mg L-1) [1.10 052 0.74 250 (1.18  0.86 041 2.50|0.95* 023 061 1.36

Nitrite (mg L-1) 006 0.01 0.05 0.09(0.07 004 003 015|006 003 003 0.13

Surface water

Rainy season

Nitrate (mg L-1) [ 5.31 044 470 620|532 077 450 670|496 032 430 530

Phosphate (mg L-1) {097  0.67 022 1.07 |0.63 030 029 106|045 025 033 2.50

Temperature: Temperatures in the surface water were gene-
rally high in the dry season with mean values around 30 °C and an
extreme value of 41.3 °C measured in Andreba (D2), the study site
with lowest water levels (Table 1). In the rainy season, the mean
temperature of the surface water at site D1 and D3 was signifi-
cantly lower (p < 0.001, n = 160) than in the dry season with
25.7 °C. No seasonal difference was determined at site D2 with a
mean of 29.6 °C in the rainy season (Figure 3c, d). A significant
temperature decline (D1, D2: p < 0.001, n = 160; D3: p = 0.006,
n = 160) regarding the water depth occurred within all three sites.

Oxygen: The highest concentrations of dissolved oxygen (DO)
in the dry season were measured in Anororo (D3) with a mean of
92% (6.3 mg L") implicating supersaturation of oxygen prevailing
around midday in Anororo: 43% of the measurements exhibited
DO concentrations higher than 100% (Figure 3e, ). Lowest oxygen
concentrations during the dry season were measured in Andreba
(D2) with a mean of 52% (3.7 mg L").

Results of the rainy season showed a moderate decrease of
DO at D1 and D2 compared to the dry season, while marked sea-
sonal changes occurred in the highly-degraded site D3. Here the
DO concentration dropped significantly (p < 0.001, n = 160) from
92% (6.3 mg L") in the dry season to 41% (3.1 mg L") in the rainy
season (Figure 3e, f). The degraded sites D2 and D3 were charac-
terized by exceeding low oxygen concentrations within the mor-
nings in the rainy season. The low-degraded site D2 showed a
mean of only 22% (1.4 mg L"), the highly-degraded site D3 a mean
of 26% (2.0 mg L"). Significant differences of oxygen concentra-
tions between the marsh vegetation and the open water were on-
ly detected for the low-degraded site D1. Here, DO of the deep
water within the vegetation (57%, 4.3 mg L") was significantly lo-
wer (p <0.001, n = 112) than in the open water (72%, 5.4 mg L).

Luminosity: The highest luminosity within the surface water
in the dry season was measured at D3 with a mean of 1,826 lux
(Table 1). The lowest mean value was measured at D2 with 326
lux. A brown coloration of the water during the dry season (lower
water levels) was observed more frequently, which was likely rela-
ted to sediments stirred up by fishes. During the rainy season, a
significant decrease of luminosity was observed for all sites with
lowest light penetration of 149 lux within the water column in D2
(P < 0.001, n = 160) and highest luminosity of 1066 lux in D3
(p <0.001, n = 160). Low light penetration in the rainy season was
often accompanied by a black colored, foul smelling water.

Nutrients: The average nitrate content ranged between
2.04 mg L' at D2 and 4.36 mg L' at D1 during the dry season
(Table 2). Nitrate rose up to mean values around 5.31 mg L' and
was very similar in all three sites during the rainy season (Table 2).
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Figure 3. Box-whisker plots (showing median, upper and lower quartiles, and minimum and maximum values) of the daily range of water level (a, b), temperature (c, d)
and dissolved oxygen (e, f) at the Lake Alaotra during the dry (left) and the rainy season (right) within the open water of the three study sites shown. (D1 = Vohimarina, D2
= Andreba, D3 = Anororo. Letters indicate statistical significant differences between dry and rainy season (n = 160) analyzed with Mann-Whitney U-Test and corrected by

sequential Bonferroni method; significance was determined as p = < 0.05)

Phosphate concentrations showed no site specific differences.
PO,* ranged between 0.95 mg L' at D3 and 1.18 mg L' at D2 du-
ring the dry season. PO, ranged from 0.45 mg L' at D3 to
0.97 mg L' at D1 during the rainy season (Table 2). Nitrite
concentrations differed significantly (p < 0.001, n = 20) between
the sites in the dry season with values between 0.04 mg L' (D2) to
0.13mg L (D1).

Plant diversity and abundance: A total of 22 plant species
were identified within the lake shore vegetation at all three sites.
Most of the species are either native or naturalized (reproduce by
themselves) (Supplementary Material 5). Echinochloa pyramidalis
(mean cover = 11.5%), Phragmites australis (mean cover = 2.9%),
the Polygonaceae Persicaria glabra (mean cover = 2.1%) and the
Onagraceae Ludwigia stolonifera (mean cover = 6.2%) were the
most abundant species within this group. Two endemic species
were identified: Argyreia vahibora (mean cover = 2.2%) and Cype-
rus madagascariensis (mean cover = 0.7%). Two invasive species
were the most abundant plant species: Eichhornia crassipes ap-
peared with a mean cover of 25% followed by Salvinia spp. with
15.6%. While the number of species within the genus Salvinia is
not yet clarified, it is assumed that at least one invasive species,
Salvinia molesta, can be found at the lake.

Site specific plant composition: Eichhornia crassipes and Sal-
vinia spp. were the most abundant plant species within the marsh
vegetation bordering the open water. However, there was a high
variation in species occurrence and cover between the three sites
(Figure 4). The abundance of E. crassipes increased with level of
degradation: it dominated 53% of the lake shore vegetation at D3
followed by D2 where it had a cover of 24%. At D1, E. crassipes
was nearly absent with a mean cover of 0.4% and a maximum of
10% cover which differed significantly to the other sites (D1/D2:
p <0.001, n = 120).

Salvinia spp. characterized the intermediate-degraded site D2
with a significant higher mean cover compared to D1 and D3
(D1/D2: p < 0.001, n = 120; D2/D3: p = 0.001, n = 114). In D1, the
native grass Echinochloa pyramidalis was the most abundant
plant species with a significant higher cover than in D2 (p = 0.010,
n = 120) and D3 (p = 0.014, n = 116). Hydrophytes occurred mainly
in the most intact site D1: the water lily Nymphaea nouchali cove-
red 8.6% of the open water. Its abundance was significantly lower
in the intermediate-degraded site D2 (p = 0.017, n = 120) where
N. nouchali was rare and in the highly-degraded site D3 (p= 0.009,
n= 116) where it was absent. The Menyanthaceae Nymphoides
indica appeared only in D1.

Total cover: In Vohimarina (D1) and Andreba (D2) the mean
vegetation cover within the marsh belt accounted for 72%
(SD = 33%, n = 36) and 74% (SD = 34% n = 36). The rest was repre-
sented by open water surface (D1: mean = 26%, SD = 32%, n = 36;
D2: mean = 23%, SD = 31%, n = 36). In Anororo (D3), the vegeta-
tion accounted for only 45% (SD = 27%, n = 36) while the open
water surface covered 53% (SD = 29%, n = 36).

Species abundance in relation to human disturbance: At the
low-degraded site D1 the species abundance in transects near to
the canal (CN) and transects far from the canal (CF) showed no
statistical significant difference. At D2 the Onagraceae Ludwigia
stolonifera had a significantly higher abundance in CN (CN: mean
cover = 14.6%, SD = 19.1%; CF: mean cover = 5.3%, SD = 10.8%,
p = 0.012, n = 59). Although, Eichhornia crassipes exhibited also a
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Figure 4. Box-whisker plots (median, upper and lower quartiles and minimum and
maximum values) of the three most abundant plant species within the lake shore
vegetation of Lake Alaotra. (D1 = Vohimarina, low-degraded; D2 = Andreba,
intermediate-degraded; D3 = Anororo, highly-degraded. Differences between
sites were analyzed with the Mann-Whitney U-Test using Bonferroni correction.
Different letters above columns indicate significant differences; significance was
determined at p = < 0.05)
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higher abundance in CN at D2 the differences were not significant
to CF. At D3, E. crassipes and L. stolonifera had a significantly hi-
gher cover in CN whereas Salvinia spp. was significantly less
abundant. E. crassipes had a mean cover of 85.4% (SD = 28.3%) in
CN and a significantly lower (p < 0.001, n = 55) cover of 34.4%
(SD = 35.3%) in CF. L. stolonifera occurred with a significantly hi-
gher (p = 0.004, n = 55) mean cover of 12.9% (SD = 13.4%) in CN
compared to CF (mean cover = 3.5%, SD = 7.73%). In contrast, Sal-
vinia spp. were significantly less abundant (p = 0.036, n = 55) in CN
(mean cover = 18.8%, SD = 4.6%) than in CF (mean cover = 29.0%,
SD = 15.6%).

Vegetation structure: Vegetation structure varied between
the three study sites and vegetation density increased with level
of degradation. At D3 mean density was 76.5% at the ground level
(0-3 cm) whereas it was only 25.9% at D1 (Supplementary Material
6). However, regarding the vertical vegetation density profile (Fi-
gure 5a, b) the sites differed especially in the open water. Within
the lake shore vegetation (Supplementary Material 7) density de-
clined from 78.3 % (0-3 cm) to 39.6% (50-100 cm) at site D3,
53.5% (0-3 cm) to 19.4% (50-100 cm) at D2 and from 33.2% (0-3
cm) to 17% (50-100 cm) at D1. In the open water (Supplementary
Material 8) vegetation density ranged between 73.6% (0-3 cm)
and 5.0% (50-100 cm) at site D3, 48.8% (0-3 cm) to 3.4% (50-100
c¢m) at D2 and 15.3% (0-3 cm) to 0.3% (50-100 c¢m) at D1. Regar-
ding the vegetation height, at D1 and D2 vegetation reached a
maximum height of 300-500 cm while the maximum height mea-
sured at D3 was only 200-300 cm (Supplementary Material 6). Ac-
cordingly, D3 was characterized by lower but denser vegetation
whereas the intermediate- and low-degraded sites showed higher
and more open vegetation.

DISCUSSION

CLASSIFICATION OF LAKE ALAOTRA. Talling and Talling (1965)

classified the African lakes based on their conductivity. Lake
Alaotra with its low conductivity (50-98 uS cm-) belongs to
Class |, characterizing lakes depending largely on rain and run-off
or rivers of low salt content (Talling and Talling 1965, Payne 1986,
Talling 2009) (e.g., Lake Victoria, Lung'ayia et al. 2001, Lake Tana,
Kebede et al. 2006; and Lake Malawi, Chale 2011). Low conductivi-
ty is common for lakes fringed by marshes (Howard-Williams and
Lenton 1975) like Lake Alaotra, as the vegetation absorbs and ac-
cumulate ions when inflow is passing through. Consequently, the
overall low conductivity leads to a low buffer capacity (alkalinity)
of Lake Alaotra (cf. Talling and Talling 1965). Although highly vulne-
rable to acidification, Lake Alaotra still has a neutral pH (6.8-7.0)
with partly slight acidic values around 6.0. Pidgeon (1996) descri-

Open water b

Vegetation a

Height (cm)
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Figure 5. Vertical vegetation density (mean density in %) of the plots presenting
the lake shore vegetation (a) and the open water (b) of the three study sites.
(D = degradation level; 1 = low, 2 = intermediate, 3 = high)
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bed an acidic character of the open lake water (4.3-7.4). Current
results are more similar to measured pH values (6.8-7.3) in the
1970s (Moreau 1980). Studies by Arhonditsis et al. (2003) and
Araoye (2009) confirmed the spatial and temporal heterogeneity
of pH in a lake system, which are derived mainly from photosyn-
thetic and respiratory processes as well as nutrient loads (decom-
position of organic matter and pollution). Measurements over a
restricted time or of a small sample size are therefore highly in-
fluenced by daily, seasonal and regional patterns.

WATER LEVEL. Recent studies show that Lake Alaotra has lost

ca. 5 km2 of open water surface over the past 30 years (Ba-
koariniaina et al. 2006). The cumulative effect of multiple factors
can further aggravate this situation and eventually lead to the di-
sappearance of the lake, these include: (i) erosion of surrounding
hills leading to sedimentation and siltation downhill, (ii) higher
evaporation due to vegetation clearance, and (iii) a lower water re-
charge into the lake due to rainwater percolation in fractures and
faults and transformation of water and streams for agricultural ir-
rigation (ibid). Besides a reduction in water surface, a diminution
in its water depth as a main driver for the alteration of the abiotic
conditions is crucial. Although no specific data is available for the
evolution of the depth during the last century, the brownish red
coloration of the rivers discharging into Lake Alaotra indicate the
lake clearly as a sink for sediments (especially during the rainy
season).

WATER TEMPERATURES AND OXYGEN LEVEL. The low water

levels of Lake Alaotra imply high water temperatures due to
quick heating of the water column. Average temperatures around
30 °C were reached in the surface water with a maximum of
41.3 °C measured in Andreba (D2). Other shallow lakes in the tro-
pics show similar high temperatures in the upper water layers.
The surface water of Lake George in Uganda for example reached
temperatures of 36 °C (Ganf 1974).

The combination of low water levels and high temperatures
can lead to a precarious decrease of dissolved oxygen in the wa-
ter (Lévéque 1997). During the dry season, the low water column
of the Lake Alaotra is heated up rapidly leading to very low solubi-
lity of dissolved oxygen (1.2%, 0.1 mg L"). A high oxygen demand
from decaying organic material can deplete the level of oxygen as
well (ibid). Typically for seasonal flooded wetlands such as the
Alaotra wetlands, large amounts of organic matter and nutrients
are carried into the lake when the first rains arrive (sensu Payne
1986). Additionally, the lower parts of standing vegetation are sub-
jected to decomposition when water level rises. The considerable
drop of the luminosity in the rainy season accounts for the depo-
sition of suspended material in the lake. The marsh vegetation is
normally acting like a buffer zone between the lake and surroun-
ding agricultural areas because of its high nutrient uptake (Fisher
and Acreman 2004). The high human population at sites D2 and
D3 increases the pressure on the marshes. Large parts of the
marshes have been converted into agricultural area minimizing
their buffer capacity. This is aggravated by an increased nutrient
load due to use of fertilizers and pesticides, decaying rice straws
after rice harvest and direct wastewater discharges into the lake
because of absence or lack of sanitation. Consequently, hypoxic
conditions (1.4-2.0 mg L") occurred at the more degraded sites
during morning periods of the rainy seasons.
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POSSIBLE RESPONSE OF AQUATIC COMMUNITIES TO HYPO-

XIA. It is assumed that dissolved oxygen is becoming a

determining factor for aquatic organisms in the Lake Alaotra.
The shallow waters in the littoral zone represent habitat for aqua-
tic invertebrate communities as well as foraging and nursery
ground for fish species (Gilinsky 1984, Schramm and Jirka 1989,
Petr 2000) and will be particularly affected. However, high water
temperatures and low oxygen concentrations in the littoral of Lake
Alaotra allow only zooplankton, macroinvertebrate and fish spe-
cies with morphological, physiological and behavioral adaptations
to resist such conditions (Marcus 2001, Ekau et al. 2010, Chang et
al. 2013). Lake Alaotra’s zooplankton is dominated by the water
flea family Daphniidae (Pidgeon 1996). Several studies have pro-
ved a high hypoxia resistance of species belonging to the Daphnii-
dae (Larsson and Lampert 2011, Smirnov 2013) while zooplankton
abundance and distribution is generally negatively affected (Stal-
der and Marcus 1997, Qureshi and Rabalais 2001, Roman et al.
2012, Chang et al. 2013). The aquatic macroinvertebrate taxa in
Lake Alaotra are represented mainly by molluscs (Limnaea), mos-
quitoes (Culicidae), dragonflies (Coenagrionidae), mayflies (Baeti-
dae), water-bugs (Heteroptera) and diving beetles (Dytiscidae)
(Pidgeon 1996). Although, invertebrates exhibit a wide range of
adaptations (Grieshaber et al. 1994, Verberk et al. 2008a, b) deple-
ted oxygen levels can at least contribute to the near absence
(Efitre et al. 2011). The fact that hypoxia tolerance is species- and
stage-specific and varies widely (Miller et al. 2002) makes it diffi-
cult to predict changes in species composition, trophic pathways
and productivity without further identification of the macroinver-
tebrate and zooplankton species of Lake Alaotra.

The ichthyofauna of Lake Alaotra is nowadays dominated by
the hypoxia tolerant invasive Tilapia spp. and the snhakehead fish
Channa maculata (Moreau 1979, Pidgeon 1996, Wallace et al.
2015). Snakeheads are able to uptake atmospheric oxygen (Yu and
Woo 1985) while the aquatic breathing Tilapia spp. have hemoglo-
bin with higher affinity to oxygen and can cope with hypoxia up to
2 mg.L" (Dusart 1963, Philippart and Ruwet 1982, Verheyen et al.
1985). The native Anguillidae is less tolerant to hypoxia than Tilapia
spp. (Hill 1969) and the tolerance range of oxygen concentration of
the only left endemic fish species of Lake Alaotra, Rheocles alao-
trensis (Batoidae) is not yet documented. In the near future those
invasive species may outcompete completely the remaining na-
tive and endemic fish species due to their highly adapted metabo-
lism to oxygen poor environments.

INTACT MARSHES VERSUS DEGRADED MARSHES. Regarding

oxygen levels, three site-specific differences can indicate the
important role of marshes. (i) Vohimarina exhibited permanent
normoxic levels whereas prolonged hypoxia occurred in the per-
turbed waters of Andreba and Anororo in the rainy season. A lo-
wer nutrient discharge into the lake and a higher nutrient uptake
by the marsh belt is assumed at the low-degraded site. (i) The
open water of Vohimarina exhibited significant higher oxygen le-
vels in comparison to the marsh belt. The water column of
marshes is naturally characterized by lower oxygen concentra-
tions than the open water based on its high primary production
resulting in an increased oxygen demand from decomposition
processes (Gaudet and Muthuri 1981, Howard-Williams and
Thompson 1985, Lévéque 1997). In the degraded sites equalized
oxygen conditions within the open water and the marshes might
be the result of marsh clearance. (iii) At the highly-degraded site, a
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wide seasonal range of oxygen concentration has been observed.
While hypoxic conditions were frequent in the rainy season,
supersaturation arose in the dry season. An intact marsh belt
seems to prevent near-shore areas from strong seasonal changes,
since it can remove high amount of nutrients passing through at
the beginning of the rainy season (Howard-Williams and Gaudet
1985). Related to nutrient discharge, supersaturated as well as
hypoxic water could be a sign of eutrophication, which is nowa-
days widespread in tropical water bodies (Dudgeon et al. 2006).

EUTROPHICATION. Eutrophication of lakes causes rapid

growth of phytoplankton and aquatic plants with severe im-
plications for water quality, food web, biotic community structure,
biogeochemistry and littoral plant communities (Schindler 2006,
Smith et al. 2006, Moss et al. 2011, Sendergaard et al. 2013). Due
to the complexity of nutrient dynamics a high frequency of mea-
surements over a long period is still necessary to enable drawing
a representative statement about the trophic state of Lake Alao-
tra. Nevertheless, the current measurements allow to sketch first
trends.

Although surrounded by large cultivated areas, the nitrate
and nitrite values for Lake Alaotra are comparatively low. Both are
far below the guideline values for drinking water with 50 mg.L-" for
nitrate and 3 mg L nitrite (WHO 2011). However, a comparison to
nitrate measurements 20 years ago (Pidgeon 1996) manifests a
doubling of the nitrate content in the Lake Alaotra.

Generally, low nitrogen contents are common for African
lakes (Talling and Talling 1965). Nitrogen often occurs in its redu-
ced form (ammonia) or bound in living plant stocks and sediments
(Gaudet and Muthuri 1981, Payne 1986). The overall increase in ni-
trate during the rainy season can be explained by (i) nutrients
(agricultural and natural origin) that were accumulated in the soil
and washed out in the rainy season and (i) large amounts of or-
ganic matter that reaches the lake with the first rain.

Elevated phosphate concentrations (1.18 mg L), denote a
beginning eutrophication. Samples taken in the 1970s (Moreau
1980) and in the 1990s (Pidgeon 1996) indicated lower concentra-
tions. The origin of the phosphate might be from the release from
anoxic sediments (internal loading) of Lake Alaotra and from ex-
ternal sources like pesticides, fertilizer and leaching from the
weathered hills. Algae blooms (red or brown algae), observed in
calm and shallow waters during the dry season at D2 could be di-
rectly related to the higher phosphate concentrations measured
at Andreba (D2). Internal loading is accelerated by high water tem-
peratures (Sendergaard et al. 2001) and therefore favorably occurs
in quickly heated up shallow waters, during periods of high air
temperatures and anoxic conditions.

Enhanced phosphate concentrations, algae blooms, black
colored and foul-smelling water and hypoxia are strong signs of
eutrophication (Stahl 1979, Lamers et al. 1998, Lamers et al. 2002,
Prepas and Charette 2003).

PLANT COMMUNITY CHANGES. In our study a total of 22 plant

species were identified, considering the littoral zone of Lake
Alaotra. Pidgeon (1996) found a similar number of 23 plant species
when he sampled this zone. A comparison of the plant composi-
tion points out the changes in species dominance within the
fringe area of the marsh belt. Twenty years ago Cyperus mada-
gascariensis and Cyclosorus interruptus were highly abundant wi-
thin the lake shore vegetation, whereas nowadays they are
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continuously being reduced. Cyperus madagascariensis stands
are used by local people for houses and mats (Mutschler 2003,
Rendigs et al. 2015) and burned to extend the agricultural areas,
pasture or open areas for fishing (Andrianandrasana et al. 2005).
Cyclosorus interruptus was mainly observed inside of intact
marsh vegetation of Lake Alaotra although it is known to occur in
floating fringe areas of the marsh belt exposed to the sun (Hill et
al. 1987, Geron et al. 2006). The growing anthropogenic impacts
through cultivation, wastewater, biomass harvesting, fire, grazing
and fishery is leading to the formation of new plant community
types at Lake Alaotra. The most affected zone is the fringe area of
the marsh belt due to its easy accessibility. Nowadays, fast gro-
wing species like Ludwigia stolonifera, Echinochloa pyramidalis,
Eichhornia crassipes and Salvinia spp. characterize the vegetation
fringing the water body. Eichhornia crassipes and Salvinia spp. al-
so dominate the open water vegetation while the water lily Nym-
phaea nouchali, which covered once large parts of the lake before
1950 (Pidgeon 1996), seem to disappear and is only found where
human activities are low.

The distribution pattern of the plant species at Lake Alaotra
reflect the ongoing changes in species composition and show
trends determining plant species abundance and composition in
the future: () spread of invasive species: Eichhornia crassipes
shows highest abundance where disturbance is most developed:
in Anororo (D3) where intensive clearance has reduced lake shore
vegetation to around 50% and in canal adjacency (D2 and D3),
where nutrient load and mechanical disturbance tends to be hi-
ghest. (ii) Raise of disturbance-tolerant native species: the native
Ludwigia stolonifera, known as a plant with intense vegetative
growth and rapid expansion (Sheppard et al. 2006, Lambert et al.
2010, Thouvenot et al. 2013), has become one of the prevailing
species within the last twenty years (Pidgeon 1996) with a signifi-
cant higher abundance in areas close to the canal. A study of
Njambuya and Triest (2010) at Lake Naivasha (Kenya) has shown
the ability of L. stolonifera to prosper in the presence of the E.
crassipes. (iii) Plant species restriction to low disturbed sites: the
wide spread of Nymphaea nouchali and Echinochloa pyramidalis
exclusively at the low-degraded site (Vohimarina) denotes their
sensitivity toward disturbance which is most likely physical
damage by boat traffic and the dense mats of Salvinia spp. and E.
crassipes which may restrict them from light and pressing them
physically down.

EFFECTS OF THE VEGETATION SHIFT ON AQUATIC AND TER-
RESTRIAL COMMUNITIES. According to Huston (1979) only
species capable of rapid recolonization and growth will per-
sist to increased disturbance levels. Moreover, increased nutrient
loads promote the dominance of a few highly competitive species
and restrain other species (Pausas and Austin 2001). Changes in
plant species composition and abundance during the last two de-
cades and current spatial distribution pattern of plant species at
Lake Alaotra highlight trends that will determine the plant com-
munity and abundance in the future. The spread of invasive and
disturbance-tolerant native species as well as the disappearance
of natural species communities occurring still at intact sites will be
the main processes in vegetation changes affecting Lake Alaotra
on an ecological and economic level (cf. Rakotoarisoa et al. 2015).
Eichhornia crassipes and Salvinia molesta have worldwide al-
tered biodiversity, ecosystem functioning and services in wetlands
(Mailu 2001, Calvert 2002, Charles and Dukes 2007). Many African
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lakes are nowadays invaded by invasive species (Ogutu-Ohwayo
et al. 1997, Mailu 2001). Direct effects of the E. crassipes are modi-
fication of water clarity, monopolization of light, increased sedi-
mentation, higher evapotranspiration rates, decrease of dissolved
oxygen, nitrogen, phosphorous, heavy metals and other contami-
nants, changes in key habitat structure and waterway clogging
(Toft et al. 2003, Jafari 2010, Villamagna and Murphy 2010, Katagira
et al. 2011). Particularly the high evapotranspiration rates and se-
dimentation by the rotting mats (Sambasiva Rao 1988, Villamagna
and Murphy 2010) pose a problem for Lake Alaotra due to its shal-
lowness. Sediment deposits due to decomposition of dead plant
material of floating E. crassipes mats will most likely play a minor
role for the water depth and siltation of the lake as the sedimen-
tation from the eroded hills has a strong impact on the lake.

The effects of Eichhornia crassipes on other aguatic com-
munities are disparate: the abundance and diversity of epiphytic
zooplankton and aquatic invertebrates are supported by the
structural complexity of the E. crassipes roots and the increased
habitat heterogeneity while the decreased food availability (phyto-
plankton) restricts their occurrence (Villamagna and Murphy
2010). At Lake Naivasha (Kenya) E. crassipes provides refuge for
many invertebrates (Adams et al. 2002). Similarly, Pidgeon (1996)
found higher species diversity in E. crassipes mats compared to
aquatic grassland at Lake Alaotra. Thus, Pidgeon (1996) assumed
that invertebrate abundance in the lake does not depend on di-
versity but density of aquatic plants.

Fish might benefit from a high abundance of epiphytic inver-
tebrates, breeding grounds provided by E. crassipes and reduced
predation risk (Mailu 2001, Villamagna and Murphy 2010) as it was
the case in Lake Victoria in the 1990s (Mailu 2001, Njiru et al.
2002). However, the low phytoplankton biomass and oxygen
concentration under the dense mats can affect negatively plankti-
vorous fish and hypoxia sensitive species (Villamagna and Murphy
2010). Gichuki et al. (2012) documented the alteration of fish com-
munities at Lake Victoria by E. crassipes promoting anoxia tolerant
species. Hence, hypoxia-tolerant species of Lake Alaotra could be-
nefit from the oxygen poor conditions under E. crassipes mats.

The terrestrial fauna might be affected by the higher density
of E. crassipes modifying the habitat structure and heterogeneity.
Harper et al. (2002) noted that foraging for the fish eagle is impe-
ded by the E. crassipes mats covering Lake Naivasha (Kenya). Vil-
lamagna et al. (2012) suspected that changes in the seasonal
waterbird community on Lake Chapala (Mexico) were related to E.
crassipes cover. In Anororo the monospecific and dense E. cras-
Sipes mats have already caused wide changes in vegetation
structure that can have a considerable bearing on the Lake Alao-
tra waterfowl and other terrestrial communities. Whether E. cras-
sipes negative or positive influence prevails seems to depend on
the size of the mats formed by E. crassipes, original communities
and geographic distribution (Bailey and Litterick 1993, Villamagna
and Murphy 2010, Chowdhary and Sharma 2013).

CONCLUSION

The results of this study demonstrate the continuously growing
anthropogenic pressure on the Alaotra wetlands altering both wa-
ter body and vegetation. Our major conclusions are that: (i) Low
water levels in the dry season raising the water temperatures and
favoring hypoxic conditions. (ii) A disturbed buffer function of the
marshes results in depleted oxygen concentrations. (iii) A low buf-
fer capacity makes the lake vulnerable to acidification. (iv) Signs of
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eutrophication such as foul smelling water, algae blooms and in-
creased phosphate concentrations call for further long-term in-
vestigations of the trophic state of Lake Alaotra. (v) Anthropogenic
activities on the lake and the surrounding marshes promote inva-
sive plant species and disturbance tolerant species and repress
native species. (vi) The encroachment of invasive species is highly
correlated with human population density.

With a growing human population, resulting in increased de-
mand for fish and agricultural products, the Alaotra wetlands will
undergo further pressures. However, it is unclear how much more
the lake can buffer in terms of water quality and vegetation altera-
tion. If erosion, sedimentation, marsh clearance and nutrient load
proceed unchecked, the cumulative effects may lead to an entire
collapse of the Alaotra wetlands.

This article provides an insight in the current ecological state
of Lake Alaotra. In consideration of the given facts about the de-
mographic trends it is crucial to close gaps in knowledge about
the ecological processes and functions of the lake to enable tar-
geted management strategies and interventions. Further research
should therefore (i) focus on the influence of the Alaotra marshes
on the dissolved oxygen content in the water to estimate the mi-
nimum marsh belt width, which can guarantee its intact buffer
function. For this purpose, the nutrient uptake and retention as
well as the oxygen gradient from the fringe to the inner marshes
has to be analyzed. (i) To give a better understanding of nutrient
sources and cycles, and the eutrophic state of Lake Alaotra, addi-
tional parameters like ammonia, total nitrogen and phosphorus as
well as chlorophyll-a concentrations, lake turbidity using a Secchi
disk and the biological oxygen demand are highly needed. Moreo-
ver, an investigation of the exchange processes between the sedi-
ment and the open water column and their role in nutrient cycling
would clearly lead to a better understanding of the ongoing che-
mical processes within Lake Alaotra. (iii) As the Lake Alaotra plant
community composition and structure undergoes notable
changes and the knowledge about the flora of the lake is incom-
plete and outdated, a plant inventory is needed to identify the oc-
curring species and to know about their abundance. (iv) Further,
studies regarding the disturbance tolerance of the plant species of
Lake Alaotra can help to understand the alteration of the local
plant community composition.
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SUPPLEMENTARY MATERIAL.

AVAILABLE ONLINE ONLY.

Table S1: Mean, standard deviation (SD) and range (Min., Max.) of
the water parameters at the three study sites with different level
of degradation.

Table S2: Mean, standard deviation (SD), and range (Min., Max.) of
the water parameters measured within the open water at Vohima-
rina during the four daily periods.

Table S3: Mean, standard deviation (SD), and range (Min., Max.) of
the water parameters measured within the open water at Andre-
ba during the four daily periods.

Table S4: Mean, standard deviation (SD), and range (Min., Max.) of
the water parameters measured within the open water at Anororo
during the four daily periods.

Table S5: Plant species, growth forms, site specific and plant spe-
cies cover in %.

Table Sé6: Shown are means and standard deviation of the vertical
vegetation density at the three sites.

Table S7: Shown are means and standard deviation of the vertical
vegetation density of the lake shore vegetation at the three sites.
Table S8: Shown are means and standard deviation of the vertical
vegetation density on the open water at the three sites.
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