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to detecting two spatially separated clusters of P. juliflora, 
the L-band cross-polarized SAR was found to be best 
suited as two distinct peaks were observed for it. Whereas 
the C-band cross-polarized SAR could not give two dis-
tinct peaks corresponding to two tree clusters. Instead the 
two clusters appeared as more or less as a single cluster 
on the C-band cross-polarized SAR image. The X band 
could not detect the presence of thin vegetation volume 
for any of the three cases taken up in this study, as the 
thin vegetation failed to have any impact on the X band 
SAR in comparison to its surrounding features. Thus the 
overall L-band cross-polarized SAR was found to be the 
most suitable for detecting thin vegetation volume in the 
present study.  
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The 18 August 2008 avulsion of the Kosi River drain-
ing the parts of north Bihar in eastern India may well 
be regarded as one of the greatest avulsions in a large 
river in recent years. The Kosi River shifted by ~120 km 
eastward, triggered by the breach of the eastern afflux 
bund at Kusaha in Nepal at a location 12 km upstream 
of the Kosi barrage. This event was widely perceived 
as a major flood in the media and scientific circles.  
Although a large area was indeed inundated after this 
event, it is important to appreciate that this inunda-
tion was different from a regular flooding event. 
 
Keywords: Floods, Ganga plains, Kosi barrage, river 
dynamics, river management. 
 
RIVERS play a critical role in human society and history 
as they are the major source of fresh water, transporta-
tion, and resources. However, this relationship is often 
‘troubled’ because changes in river discharge (floods or 
droughts) or position can play havoc with permanent set-
tlements. Such changes can be caused by natural forcing 
as well as human interventions, or a combination of both. 
Natural processes may include short-term changes in 
sediment load or water volume as well as long-term 
changes in relative sea level or climate change. The human 
interventions impact changes in sediment load or run-off 
through water resource management schemes such as 
dams, barrages and embankments. Human alterations of 
river systems can have many important consequences, 
primarily because river systems are dynamic and highly 
integrated systems and, any change in any part of the 
river can easily propagate and affect the whole system. 
 The Kosi River is an important tributary of the Ganga 
in the eastern India (Figure 1 a) and has distinctive hydro-
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Figure 1. a, Location map showing the position of the Kosi River in eastern Ganga plains (G, Ganga; Y,  
Yamuna; K, Kosi). b, The Kosi River has a large mountainous catchment in Nepal and a rather small alluvial area 
in north Bihar giving rise to a large upland/alluvial (u/p) ratio; c, The historical records suggest a dominant west-
ward migration of the Kosi River during the last ~200 years before the river was embanked on both sides by 
1956. 

 

 
Table 1. Major hydrological and sediment transport characteristics of 
the Kosi River. Note that the Kosi has a high sediment yield which has 
to be accommodated in a rather small alluvial area (u/p ratio is 5.3,  
 see Figure 1 b) 

Parameter Kosi  Ganga  Amazon  
 

Catchment area (103 km2) 101 1073 7180 
Total length (km)  1216 2700 6518 
Average annual discharge (m3/s) 2036 15,000 480,000 
Annual sediment load at   43 1670 1000 
 river mouth (mt/yr) 
Discharge/area  20 14 25 
Sediment yield (mt/y/km2)  0.43 1.56 0.14 

 
logical and sediment transport characteristics (Table 1). 
The dynamics of the Kosi River, generally described as 
‘avulsive’ shifts, has been well documented by previous 
workers1–3 and a preferentially westward movement of 
150 km in the last 200 years has been recorded (Figure 
1 c). Various explanations for this unidirectional shift of 
the Kosi include sedimentation in a braided stream4, cone 
building activity2, active tectonics5,6, and autocyclic and 
stochastic movements3. Avulsion involves a sudden move-
ment around a nodal point (divergence point) and occurs 
when an event of sufficient magnitude (usually a flood) 
occurs along a river that is at or near avulsion threshold7 
defined by the changing channel instability through time. 
It also implies that avulsion may not always be triggered 
by the largest flood in a given river, and that even a small 
flood can trigger an avulsion if the river is close to avul-
sion threshold. One of the most common mechanisms of 

avulsion is ‘channel reoccupation’ (rapid) when the new 
channel occupies a pre-existing channel in the vicinity. 
On the other hand, ‘crevasse splaying’ involves a gradual 
process of breaching through the banks and development 
of a new channel through time. Not just Kosi, several rivers 
draining the plains of north Bihar are known for frequent 
and rapid avulsions8–10 and the area is prone to fluvial 
hazards11,12. 
 Unlike the previous westward avulsions (Figure 1 c), 
the 18 August 2008 avulsion of the Kosi River recorded 
an eastward jump of ~120 km which is an order of mag-
nitude higher than any single avulsive shift recorded in 
historical times. The avulsion was triggered by a breach 
in the eastern afflux bund of the Kosi at Kusaha, 12 km 
upstream of the Kosi barrage (Figure 2 a and b). This 
avulsed channel ‘reoccupied’ one of the palaeochannels 
of the Kosi and 80–85% flow of the river was diverted 
into the new course. Since the new course had a much 
lower carrying capacity, the water flowed like a sheet, 
15–20 km wide and 150 km long with a velocity of 1 m/s 
at the time of breach. Interestingly, the new course did 
not join back the Kosi nor did this find through-drainage 
into the Ganga, as a result of which a very large area  
remained inundated/waterlogged for more than four 
months after the breach. This single event affected more 
than 30 million people and there is still no reliable esti-
mate of loss of life and property.  
 Several lines of evidence coupled with ground observa-
tions support that this event was a ‘mega-avulsion’ rather 
than a regular flood.  
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Figure 2. a, Google image showing the course of the Kosi River before avulsion and the breach point at Kusaha; b, Part 
of the eastern afflux washed away after the breach and the river avulsed towards the east; c, Seepage channel outside the 
eastern afflux bund causing significant toe erosion; d, The western side of river bed and the afflux bund – river bed is 4–
5 m higher than the adjoining flood plain. 

 
 Simulations for understanding the avulsion mechanism 
suggest that avulsion points shift up-valley followed by 
an abrupt down-valley shift as a result of continued 
growth of alluvial ridges and increase in cross-valley 
slope upstream of avulsion locations13. Specific simula-
tions for the Kosi also predicted the pseudo-nodal style of 
the progressive westward shift and it was also suggested 
that channel belt would start shifting towards the east 
once the avulsing channel belts encounter a barrier created 
by the depositional topography of the fan13. Although the 
observational data from the Kosi2,3 show a down-valley 
shift in avulsion sites through time, the river has a  
tendency to periodically return to the upstream nodal 
point. 
 It has also been suggested that a decrease in inter-
avulsion period occurs through time7,13,14

 
because the 

probability of avulsion increases due to decrease in over-
all channel belt slope. Data from Kosi shows a decrease 
in inter-avulsion period7,14 between 1700 and 1955. A 
sharp increase in the inter-avulsion period around 1955 
coincides with the construction of embankments along 
both banks of the Kosi which should have stabilized the 
channel temporarily. 
 The breach at Kusaha occurred at a discharge of 
144,000 cusecs which is much less than the design dis-
charge of 950,000 cusecs for the barrage upstream and 
the afflux bunds. The river avulsed following the breach, 
occupied one of its palaeochannels and inundated large areas 
as the channel capacity of the new course was very small. 

 Repeated satellite images show that the Kosi River 
around Kusaha was flowing very close to the eastern  
afflux bund at least since 1999 and there are reports that a 
couple of spurs upstream of the breach point were eroded 
in the last few years. During the field visit, it was also 
observed that a well-defined seepage channel (Figure 2 c) 
outside and parallel to the eastern afflux bund formed 
some years ago. This channel has also been causing signi-
ficant toe erosion of the afflux bund. Further, the afflux 
bunds are more than 50 years old and have been poorly 
maintained which may have facilitated the breach and the 
avulsion.  
 In contrast, the channel has been aggrading on the 
western side with an accelerated rate after the construc-
tion of embankment. This is not surprising as the Kosi is 
among the highest sediment-laden river in the world15 
(0.43 mt/y/km2; see Table 1). The river bed around the 
western afflux bund was observed to be at least 4–5 m 
higher than the surrounding floodplain level (Figure 2 d) 
although no measurement of the rate of channel bed  
aggradation is available at this stage. This suggests that 
most of the sediment load was trapped within the em-
bankment and the river developed a ‘gradient advantage’ 
as the cross valley slope exceeded the down-valley slope 
in this region (Figure 3). This made the eastern afflux 
bund vulnerable to breach and pushed the river close to 
‘avulsion threshold’. 
 This avulsion triggered by the breach, has once again 
questioned the efficacy of the embankment strategy for 
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flood control. Even a casual look at the data and interac-
tions with local people in the Kosi region would reveal 
that there has been no appreciable flood moderation in 
the Kosi and other rivers of north Bihar even after the 
construction of embankments and the barrage (designed 
with a flood cushion). The embankment strategy for flood 
control as well as several other human interventions such 
as highways and railway embankments have also pro-
duced severe drainage congestion in the region which  
results in longer inundation of large areas almost every 
year. There is an urgent need to adopt an ‘integrated’ 
river basin management which requires a rigorous under-
standing of the physical processes by which river channels 
are formed and maintained, and encompasses all physical 
attributes of the earth’s surface involved in water cycle. 
 The 18 August avulsion of the Kosi triggered by the 
breach at Kusaha occurred partly due to incorrect strate-
gies of river management and partly due to human negli-
gence and poor maintenance of the afflux bund for the 
last several years. This means that this avulsion was partly 
a ‘human disaster’ rather than regular flooding.  
 The Kosi River was diverted back into the old course 
through the barrage on 26 January 2009 after restoring 
about 2000 m long embankment which was breached on 
18 August 2008. The big question now is: how long the 
river will stay in this course and when will the next 
breach/avulsion occur? The conditions which led to the 
breach and avulsion of the river, i.e. aggraded river bed 
within the poorly maintained embankment, remain as 
they were before the avulsion. The sustenance of the 
plugging of breach is questionable and the possibility of 
another breach in the near future at other locations cannot 
be ruled out. A good possibility should have been to use 
the new course as a diversion channel for the excess water 
 
 

 
 

Figure 3. Schematic model for the 18 August 2008 avulsion of the 
Kosi River. a, Natural course of the river before embankment construc-
tion; large floods passed through the channel and avulsion threshold 
was higher. b, River embanked on both sides resulting in accelerated 
aggradation; frequent breaches through small floods, reduction in 
stream power and lowering of avulsion threshold. c, Crossing of avul-
sion threshold triggered by ‘gradient advantage’ (increase in Sa/Se) 
caused by aggradation. 

during floods and to follow the age-old practice of ‘con-
trolled’ flooding. Perhaps a few other palaeochannels of 
the Kosi can be surveyed and a system of channel net-
work can be developed as a long-term effort. The course 
of the river through the barrage and within the embank-
ment would need significant channel improvement per-
haps through dredging in selected reaches. Till today, no 
attempts have been made to improve the channel or 
strengthen the embankment. 
 While a great deal of research needs to be done to find 
a long-term solution to the Kosi avulsion and flooding, it 
is important that a ‘system’ approach to river manage-
ment should be adopted keeping in view the dynamic  
behaviour of the Kosi. Further, there has been a paradigm 
shift globally from ‘river control’ primarily involving an 
engineering approach addressing the ‘effect’ at a local 
scale to ‘river management’ which emphasizes an inte-
grated approach at a crossover of scales and addresses the 
‘cause’ rather than the effect16–19. Even though India is a 
country bestowed with several large rivers, our river 
management strategies are rather rudimentary and our 
planners are yet to embrace modern approaches such as 
satellite-based monitoring and multi-criteria decision 
support system. Some efforts in this direction20,21 have  
already shown encouraging results but a large-scale,  
coordinated effort is needed to save a large population 
from repeated miseries of fluvial hazards year after year. 
A process-based understanding of the Kosi and the cou-
pling between river form and processes are needed to find 
long-term solutions to river dynamics and floods. 
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Nest building by leaf folding is a rare behaviour in 
anuran amphibians, with previous reports for only two 
genera, the Subsaharan African Afrixalus, and Cen-
tral and South American Phyllomedusa. This commu-
nication reports a specialized nest building behaviour 
of an Indian treefrog Rhacophorus lateralis, which was 
observed in natural habitat at Kalpetta in Wayanad 
District, Kerala. This behaviour of leaf folding is the 
first report in the family Rhacophoridae, and in the 
Asiatic amphibians. Nesting behaviour of R. lateralis is 

unique among Rhacophorus – a purse-like nest is 
made over water by folding a single leaf around the 
egg mass (embryos and translucent foam) by the  
female alone after oviposition. The function of this  
parental investment is to prevent desiccation of eggs in 
open sunlight. This paper also documents the multiple 
leaf nesting behaviour of other two species of this  
genus, R. calcadensis and R. pseudomalabaricus, and 
the previously documented nesting behaviour of R. 
malabaricus using more than one leaf. 
 
Keywords: Leaf folding, leaf nesting, Rhacophorus lat-
eralis, treefrog, Western Ghats. 
 
IN addition to typical aquatic habitats, anuran amphibians 
deposit eggs in a wide range of places including under-
ground1, arboreal foam nests2, tree holes3 and stream 
banks4. Among the 262 anuran amphibians reported from 
India5, above-ground nest construction using multiple leaf 
is known only in Rhacophorus malabaricus6. 
 Rhacophorus lateralis is a small sized Rhacophorid 
treefrog (snout to vent size-male: 28.6–30.1 mm, N = 5; 
female: 33.5–34.8 mm, N = 3) having bright green or 
light reddish-green dorsal colour with a prominent golden 
yellowish streak from snout along the side of head to near 
the vent. Scientific knowledge on R. lateralis is sparse 
other than the original description based on a sole pre-
served animal7, followed by rediscovery after a gap of 
more than 100 years from the Western Ghats of Kerala8 
and Karnataka9. Rhacophorus lateralis is an endangered 
species10, thus a better understanding of the breeding bio-
logy of this frog is critical for its conservation manage-
ment. 
 A breeding population of R. lateralis was observed 
over two breeding seasons during which courtship, mating 
and leaf nesting behaviour were studied. The primary ob-
jective of this communication is to document leaf nest 
construction behaviour of R. lateralis and determine the 
possible function of this behaviour based on field obser-
vations and laboratory studies. The complete sequence of 
courtship and mating behaviour of this species is beyond 
the scope of this communication. This study is based on  
observation of 65 nests, including nine sequences from 
pair detachment after oviposition to completion of leaf 
nesting. 
 The study was conducted during 2000 and 2005 breed-
ing seasons (June–September) at Kalpetta (11°36′N, 
76°05′E; 980 m asl), Wayanad District, Kerala. Amplexed 
pairs were located by active searching guided by choruses 
or by making repeated observations of single females un-
til they mated. Amplexus is axillary and duration of egg 
laying varies from 35 to 50 min (N = 9). Fieldwork was 
undertaken at a natural breeding pool between 19:00 and 
23:00 h using a dim or red flashlight. The pool was 3.2 m 
wide and had a maximum depth of 0.9 m. Grasses, low 
herbs (Ludwigia sp., Lantana sp., Chromolaena sp., etc.).


