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WORKSHOP REPORT   
 
 
Background 
 
Many of the forests constitute head water catchments for large rivers and play a major role in 
regulating the hydrological services in the river basins and beyond. These forested catchments also 
account for a high proportion of water supplied for domestic, agricultural, industrial and ecological 
needs in both upstream and downstream areas. Forest principles developed by UNCED evoked the 
demand for sustainable forest management across the globe in conformity with various values and 
functions of forest resources of which water is an integral component Forests and Water form the 
basis of foundation for terrestrial life through ecological functions. Forests act as head water 
catchments for river systems world over and play a major role in regulating their hydrological 
functions. Sustainable management of forests emphasize and aim at meeting the social, economical, 
ecological, cultural and spiritual needs of present and future generation and water finds a prominent 
place in the list of identified needs. Traditional forest hydrology has over the years focused on direct 
effects of forest management on hydrological processes from plot study, process study and 
watershed experiments. Today, the challenge before us is to apply these principles to predict how 
hydrologic processes will respond to the many forms of change, including climate change, in forest 
landscapes. As a consequence, research in forest hydrology has shifted towards the study of 
reforestation hydrology, large-scale watershed hydrology, climate change impacts, and application of 
hydrological models using modern tools and techniques. This will allow for analysis of forest and 
water connections over large areas to make predictions about forests and water that can address 
current and anticipated future issues, including cumulative watershed effects, climate change, and 
forest management practices. 
 
These and many other related issues prompted the organizing of a workshop in Dehradun, India, 22–
25 September 2013. The workshop aimed at providing a forum for forging linkages between various 
international, regional and national agencies and institutions dealing with forest and water issues to 
share strategies, experiences and knowledge. The workshop also provided an opportunity for 
individuals and their associated agencies, organizations and networks to share lessons learnt from 
case studies in the Asia Pacific region on themes related to forests and water. Many individuals, 
serving in the three committees (Appendix 1), had contributed in one way or another in organizing this 
workshop hosted by the Forest Research Institute (FRI) , Dehradun, India.  
 
The detailed programme of the workshop is appended as Appendix 2. A total of 127 participants 
(Appendix 3) from the Asia Pacific countries as well as from different organizations in India 
participated in the workshop to gain a better understanding of forest hydrology and changes caused 
by climate change.  
 
 
Themes of the Workshop 
 
The many important aspects of forest hydrology were covered in six technical sessions:  

 
I Forest Hydrology and Climate Change 

a) Climate change impact on forest hydrology 
b) Climate change impact on forests  and their implications to the forest hydrology 

 
II Hydrological Regulatory Services of Forests 

a) Forest ecosystem services including river flow 
b) Impact on regulatory hydrological services due to changes in structure, composition and 

functioning of forest ecosystem 
 

III Forest Influence on Precipitation and Micro-climate  
a) Precipitation and forest linkages 
b) Forest influence on evapotranspiration, temperature, humidity, soil moisture, etc. 
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IV Effect of Forest Management Practices and Disturbances on Quality and Quantity of 
Water  
a)  Managing forests for water and moisture  
b)  Forest disturbances and their impacts on quantity and quality of water 

 
V Forests as Sources of Water: Managing for Livelihoods and Food Security  

a) Implications for forest biodiversity and livelihoods 
b) Soil and water conservation for surface, springs and ground water recharge 
 

VI Frontiers of Research and Application of Modern Tools and Techniques in Forest 
Hydrology  
a) Application of remote sensing and GIS 
b) Isotope hydrology, modeling and other modern tools 

 
 
Inaugural Session 
 

 
Assemblage of delegates at the Convocation Hall, FRI, Dehradun 

 
The workshop was inaugurated by the Honorable Minister Mr Harish Rawat, Minister of Water 
Resources, Government of India. Mr Harish Rawat was impressed by the assemblage of so many 
enthusiastic participants from different national and international organizations in this workshop. The 
Minister said that “simple living and compassion with nature can be the best model for the 
development of sustainable bio-economies”. He also shared his broad vision on sharing knowledge 
and data amongst all the stakeholders within and across the frontiers of all nations, emphasizing on 
the need to have a better understanding of the linkages between forest and water. 
 
In the inaugural speech of Mr K. Jude Sekar, Director General, Indian Council of Forest Research and 
Education (ICFRE), Dehradun, which was read by Dr G.S. Goraya, DDG (Research) ICFRE, he 
welcomed the initiative of Forest Research Institute (FRI Dehradun), Asia Pacific Association of 
Forestry Research Institute (APAFRI) and Korea Forest Research Institute (KFRI) to organize this 
very first Asia Pacific workshop on forest hydrology.  
 
Dr P.P. Bhojvaid, Director, FRI Dehradun, in his address that followed, welcomed the organizers, 
delegates, media and other participants, and expressed his gratitude to all especially APAFRI and 
KFRI. He further quoted that “what we are doing to the forests of the world is but a reflection of what 
we are doing to ourselves and to one another”.  
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Dr P.P. Bhojvaid, Director, FRI Dehradun 

 
Dr Kim Young Kul read the speech of the Director General KFRI, in which he extended his whole 
hearted appreciation to the Chairman, to FRI and its staff members and to the distinguished guests 
for attending the workshop on forest hydrology and congratulated FRI and the co-organizers for 
organizing the event. He emphasized that water is a vital element of all natural resources and 
essential to life, but the availability and quality of fresh water in many regions of the world is 
increasingly endangered by overuse, misuse, pollution, and massive environmental changes such as 
global climate change. Further he quoted that the Asia Pacific is one of the most vulnerable regions to 
climate change and the impacts on the region are likely to become more intense in the future. He 
urged that new approaches for ensuring adequate water quality and quantity against climate change 
are truly the need of the hour across the globe in general and Asia Pacific region in particular. 
 
Dr Sim Heok Choh, Executive Secretary, APAFRI, advocated a number of practical steps to be taken 
in the field of forest hydrology and stated that the Asia Pacific workshop has taken the lead to initiate 
attention of all the stakeholders which is evident from the impressive high-level participation which he 
believed encourages a better understanding of forests and water. He said that there is an urgent need 
of collaborative research in the field of forest hydrology especially those, amongst Asian countries, 
with common boundaries. 
 
Mr M.P. Singh, the Convener of the workshop and Head of the Climate Change and Forest Influence 
Division, FRI Dehradun; proposing a vote of thanks at the conclusion of the inaugural session of the 
workshop expressed his sincere thanks to Mr Harish Rawat, Honourable Minister, Ministry of Water 
Resources, Government of India, for accepting the request and granting a slot from his precious time 
to inaugurate the Asia Pacific Workshop on Forest Hydrology. He also expressed his gratitude to 
APAFRI and KFRI, for their cooperation and contribution in holding this international event. He 
extended his sincere thanks to Mr K. Jude Sekar, Director General of Forests and Special Secretary, 
Ministry of Environment and Forest (MoEF) and also the Director General, ICFRE, for his constant 
motivation and guidance for this workshop of international importance to take shape. He also thanked 
Dr G.S. Goraya, Deputy Director General (Research) ICFRE to represent the Director General, 
ICFRE, on this occasion. 
 

 
Mr Harish Rawat, Honourable Minister (Water 

Resources) Govt. of India, addressing the delegates 

 
Honourable dignitaries 

at the inauguration session 
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Mr M.P.Singh, FRI Dehradun 

 
 
Plenary Session 
 
The session was chaired by Dr S.P. Singh, Chair of Excellence, FRI (Deemed) University and co-
chaired by Dr L. A. Bruijnzeel, VU University, the Netherlands.  
 
Effects of watershed restoration on water quality and quantity of Kaptai Lake in Bangladesh – 
Laskar Muqsudur Rahman: Watershed restoration is for improving the current condition to restore 
degraded habitat and provide long-term protection to aquatic and riparian resources. Wetland 
conservation and restoration has been regarded as critical for sustainable watershed management. 
The author detailed the effects of watershed restoration on water quality and quantity. He 
demonstrated that the runoff and soil erosion reduced as a consequence of raising forest plantation in 
33000 ha of watershed area of Kaptai Lake in Bangladesh. Watershed restoration also helped to 
maintain water quality and stream-flow. The author suggested massive tree restoration programmes 
for vital watershed functions.  Further it was emphasized that forestry practices should be planned in 
such a way that the forest production, water yield and quality are in complete harmony.   
 
Hydrological characteristic and its response to climate change: a case study of tropical 
rainforest in Jianfengling, Hainan Island, China – Zhou Guang-Yi: Hydrological systems are 
potentially very sensitive to changes in climate. A case study explaining the characteristics of rain and 
runoff, water balance of tropical mountain rainforest, and impact of climate change on runoff in 
Jiangfengling of Hainan Island, China, was discussed. The watershed runoff increased with the 
increase in temperature; and the other factors like precipitation, relative humidity and stream velocity 
were also changed. The seasonal changes in terms of precipitation, runoff and other climatic factors, 
were noticed between 1957 and 2007.  
                                                                                                                    
Conserving water and moisture in the Western Ghats: role of forests and other land cover – 
Jagdish Krishnaswamy: The author explained how the experimental basins were established in a 
remnant tropical evergreen forest, degraded forest, and Acacia auriculiformis plantations on degraded 
land, in Uttar Kannada, Western Ghats of India; and how the forest conversation changed the 
hydrologic flow pathways and influenced delayed flow and dry-season flow.                                                   
 
Impacts of afforestation, reforestation & forest practices on the long-term streamflow patterns 
and water balance at the catchment scale in Korea – Choi Hyung Tae: The author discussed the 
changes of flow duration curves and annual runoff rates which were studied in three types of forest 

 
Dr Sim Heok Choh, APAFRI 

 

 
Dr Kim Young Kul  

Korea Forest Research Institute 
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catchments in the northern part of Korea: Gwangreung broad-leaves forests catchment, Gwangreung 
coniferous forest catchment, and Yangjoo revegetated mixed forest catchment. The assessment of 
changes of the long-term water balance by forest types and the effects of afforestation, reforestation 
and forest management practices on water resources retention was conducted through long term 
hydrological monitoring.  
 
Influence of Hopea odorata forest plantation establishment on the water yields of small 
forested catchment in Peninsular Malaysia – S. Siti Aisah: The author presented the effect of 
forest clearance on peak discharge, annual water yield and the water balance of the young Hopea 
odorata plantation in Bukit Tarek Tambahan Forest Reserve, Kerling, Selangor in Peninsular 
Malaysia. The study revealed that the peak discharges increased during the period of forest clearance 
and slowly decreased in the subsequent years. The peak magnitude further decreased after the 
plantation with Hopea odorata was established. 
 
Identifying ‘bright spots’ of potentially enhanced dry-season flows after reforesting degraded 
land across the tropics – L.A. Bruijnzeel: The Presentation explored that concepts/findings, 
regarding annual flows and dry-season flows, derived from non-degraded experimental catchments 
may not be applicable to real-world situation where soil degradation can play a very important role. 
There are more than two billion ha of degraded land worldwide that can be re-greened, however the 
improvement in flows may not be expected everywhere. The bright spots, i.e. the areas were raising 
tree cover may lead to improvement in annual flow and dry-season flows, were identified in Asia.   
 
Forest hydrology initiatives and current challenges in a changing climate in the Philippines – 
Antonio M. Dano: The historical development of forest hydrology research in the Philippines and the 
future challenges of long term forest hydrological and ecological studies, particularly in relation to the 
Philippines National Greening Programme were presented. The programme has targeted to plant 1.5 
billion seedlings from 2011–2016. The forest canopy interception was found to vary with the forest 
ecosystem type, the development stage of the system and the precipitation pattern. The use of 
physically based hydrological model with the GIS support, assessment of impacts of climate change 
on flooding and water availability, and also the forest hydrological modeling and basic scale was 
emphasized. 
 
Assessment of water resources under impact of climate change in the Srepok watershed, 
Vietnam – Dao Nguyen Khoi: The impact of climate change on water resources and the responses 
of streamflow and water balance components to the climate change were assessed in Srepok 
watershed in Vietnam. He observed that ground water discharge declined and stream flow decreased 
due to  increased evapotranspiration attributed to climate change.  It was predicted that the climate in 
the watershed will become warmer and drier in the 2020s and 2050s, but will be better in the 2080s. 
The SWAT model realistically simulated the streamflow in the watershed however impact of the 
landuse change was not considered and it was assumed to be the same in the future. 
 
 
Summary of the Thematic Sessions 
 
Theme I (Forest Hydrology and Climate Change) was chaired by Dr G.S. Goraya and Professor 
Zhou Guang-Yi.                                                                                                                                                                  
 
The first two speakers in this session addressed this area with descriptions of climate change impacts 
on forest and watershed hydrology. Dr K.D. Sharma stressed that the focus should be on integrating 
climate-environment-societal system approach for problem solving on climate change by collaborative 
and participatory manner on regional basis for vulnerability, impact and adaptation through 
observation, research, modeling, assessment and education. Dr Sharad Jain emphasized on the 
need of improved understanding of inter-linkages of atmospheric process and terrestrial process with 
improved GCM predictions as per country circumstances through strong networking and easy access 
of data. He also emphasized on the development of better tools for integrating strategies.  
 
The third speaker, Prof. M. Al Amin, discussed the challenges that climate change poses for water 
management and methods to be looked into for understanding and managing risk against the water 
and climate change responses. The fourth presenter, Sanjay Bala, discussed how climate changes on 
global and regional scales have already affected hydrological systems and forest ecosystems, and 
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the need of vulnerability analysis of hydrological parameters. The next speaker, Dr T.P. Singh, 
presented an overview on how the Indian forests are likely to react to the changes of the atmosphere 
and climate, and climate change effects on Indian forests. Then, Rajiv Pandey covered the need and 
reason of climate change vulnerability assessment, followed by Dr R.S. Negi who explored how 
livelihoods may be affected by changes in climate. Referring to a case study conducted at the Takoli 
Gad watershed, Garhwal Himalaya, Uttarakhand, he stressed on how social protection can contribute 
to adaptation plans, specifically for the poor and most vulnerable in the context of a changing climate. 
The last presenter of the session, Anindita Bhattacharya, probed the need of research on hydrological 
parameters of forest cycle in natural forests and as well as in farm lands. 
 

 
 
Theme II (Hydrological Regulatory Services of Forests) was chaired by Dr Siti Aisah Shamsuddin, 
FRIM; and Dr G.P. Juyal, CSWCRTI. 
 
The purpose of this session of the workshop was to assess the current status of research in and 
identify potential applications for, the hydrological regulatory services of forests and to recommend 
research directions. Dr Brij Gopal introduced the session by revealing the long-term climate data 
which show that the amount of precipitation and its temporal distribution decreases with a decline of 
forest cover. Forests are the main regulators of precipitation as it is partitioned into various 
components such as canopy interception, stem flow and so on. However, infiltration into soil is 
affected by the slope, and geology. Therefore, hydrological regulation services of the forests and their 
influence on river flow cannot be generalized on continental scales, and across different climate 
regimes. There is need to establish the relationship of different hydrological processes through field 
investigations. Prof. S.P. Singh followed by pointing out how climate change is altering Himalayan 
forests’ role in regulating water flows and influencing the availability of water resources. Himalayas 
are warming at higher rates than predicted. Climate change due to forest degradation which suppress 
regeneration can cause major hydrological disturbances. Geo-meteorological forces in Himalayas are 
exceptionally strong. The next presenter, Ms N.Q.Qazi, explained erosion rate on the basis of paired 
watershed study. Moreover Suspended Sediment Load was found higher in degraded oak forest 
watershed in comparison to that of dense oak forest watershed. The fourth author, Mr S.P.Rai, 
presented the case study carried out under different geo-ecological conditions. He pointed out that 
water yield of streams are results of integrated factors. However, forests delays peak flow and 
minimize erosion rates in forested watershed.  
 
 
Theme III (Forest Influence on Precipitation and Micro-climate) was chaired by Dr Brij Gopal, 
Centre of Inland Waters in South Asia, Jaipur; and Dr Choi Hyung Tae, KFRI.  
 
The third session illustrated the influence of forest on precipitation and micro-climate as a critical issue 
that must be accorded high priority. Dr P.K. Gupta presented a study on the changed characteristics 
of precipitation, water discharge and sediment load and effects of vegetation restoration patterns on 
surface runoff in small watershed, and explained that the sediment transport data was determined by 
measuring the sediment concentration. The hydrological and meteorological parameters were 
observed in a standard micro–climate. Dr G. Singh explored the role of non-stomatal factors which 
might regulate net photosynthetic rate and transpiration rate during irradiation and high temperature. 
However, effect of water stress was more on rate of CO2 assimilation than on transpiration affecting 

Dr Choi Hyung Tae, Korea  
and Dr Brij Gopal, India 

 
Dr K.D. Sharma (left) presenting mementoes to 

delegates 
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overall biomass production. The third author, Mr Nirmal Ram, explained the infiltration status under 
different landuses in Mussoorie Hills. Then, Mr Pankaj Panwar presented the study on rainfall 
interception and runoff in Terminalia chebula and Embilica officinalis based systems in sandy-loam 
soils of lower Himalayas, where he found that the portion of precipitation which reached the ground as 
throughfall was dependent on the rain density at tree crowns and the presence or absence of foliage. 
On the other hand, the stemflow is strongly dependent upon canopy structure and density, species 
composition and also variation in bark structure. The fifth author, Dr J.V.Tyagi, explained the effect of 
forest cover structures on soil moisture variation using a case study in oak forested watersheds. This 
was followed by Mr J.M.S Tomar who talked about stemflow water harvesting as a new concept for 
utilizing rainwater from trees.  The seventh author, Mr Ramesh Singh, gave a talk on forest dominated 
catchment and influence of landuse on water yield in drought prone Bundelkhand Region of Central 
India. 
 
 
Theme IV (Effect of Forest Management Practices and Disturbances on Quality and Quantity of 
Water) was chaired by Dr L.A. Bruijnzeel and Mr A.K. Mishra.  
 
In this session the presenters discussed about hydrological services of forests and the consequences 
on the availability of water after timber harvesting and the effect of deforestation and forest 
degradation. Introducing his presentation, Dr Shrinivas Badiger said that it is not necessary that 
increase in forest cover will always provide benefit at downstream. He explained with a study which 
drawn upon changes to tank inflows due to forest cover changes, and related that to the changes in 
agricultural management practices, and hence to wage income of the marginal or landless in the 
Western Ghats in India. Mr Mohd. Ghazali using measurements such as pH, conductivity and 
turbidity, concluded that at least 1 year is required to get back the same water quality by studying 
before, during and after timber harvesting. The third speaker, Mr P.K. Gupta presented his study on 
the water yield contribution of major reservoir catchments to their respective river basin, and 
concluded that yield has reduced in 2012 as compared to 2011 except a few reservoirs. Dr Sunita 
Singh using a case study on supplies of drinking water to Mumbai explained that increased old forest 
area increased water yield, and increased disturbed forest area decreased water yield. The next 
presenter, Neetu Bharti, illustrated that changes in water quality of River Ganga, adversely affected 
the zooplanktons and the micro-flora and micro-fauna. The sixth presenter, Mr Pankaj Kumar Roy, 
presented the study assessing the impact of forestry plantation on surface runoff and water quality in 
the State of Sikkim, India, and concluded that conversion to forested areas from degraded areas 
reduced erosion and sedimentation percentage. The last presenter, Dr S.P. Aggarwal, during his 
presentation illustrated how deforestation can impact hydrological processes. 
 
 
Theme V (Forests as Sources of Water: Managing for Livelihoods and Food Security) was 
chaired by Mr A.K. Rana, PCCF, Manipur and Prof. M. Al Amin.  
 
Mr A.K. Mishra started the session with his presentation which emphasized that more and more 
efforts for the rehabilitation of various plateaus and other degraded areas are essentially required to 
be undertaken in view of the Chakriya Vikas Pranali which is showing excellent results in Jharkhand. 
In addition complete harmony with the communities in view of their livelihood options also must be 
established. Dr P.K. Mishra then followed with a presentation on soil and water conservation for 
surface, springs and ground water recharge, and stressed that segregation of impacts of different 
interventions are required for forest and animal-based integrated farming systems. The third 
presenter, Dr Saibal Das Gupta, illustrated the role of forests in watershed management for livelihood 
security and prevention of land degradation under the SLEM project. Extending this, he said that 
whatever interventions are to be tried should be of multi-stakeholder in nature and having multi-
sectoral approach. Then, Dr Neena Grewal, during her presentation stated that while addressing 
issues pertaining to the communities, rejuvenation of the ground water sources should be addressed 
for sustainability of the efforts. The fifth presenter, Pratap Narain said that during prioritization of the 
community requirements, it is required to look beyond the traditional hydrology. For the successful 
implementation of the efforts, there must be integration between relevant ministries at the 
Government of India level. The next presenter, Jagdish Chander explained the ecological and 
economic prosperities through rainwater harvesting involving local communities. He explained that 
water acts as a catalyst for the socio-economic up-liftment. Accordingly, people centric activities 
aiming at ecological security and their economic prosperity are essentially required to be taken up as 
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per the needs of the site and the communities as well. Dr G. Singh, in his presentation explained the 
effects of rainwater harvesting and vegetation cover in reducing water, soil and nutrient losses during 
restoration of degraded hills in Rajasthan, India. He stated that runoff of the soil depends upon the 
intensity of the precipitation. Therefore, different measures must be investigated for their suitability in 
field applications. Then, Dr K.S. Kapoor stated that there is an urgent need for a holistic and well 
planned intensification of hydrological research within the natural forests, so as to draw direct 
relationships between forest vegetation and hydrological functions, especially in the protected 
watersheds. Adaptation measures should also be studied in view of the climate change. This was 
followed by Dr B.M. Dimri who said that in order to minimize the ecological disturbances in the hilly 
regions, studies on soil moisture with special reference to altitudinal effects and seasonal responses 
are essentially required. Mr S.R. Reddy then noted the need of discussing the working plan codes 
and standardizing with the focus changing from production to protection forestry. 
 

 
Mr A.K. Rana, PCCF, Manipur, India, presenting memento to Mr S.R. Reddy 

 
 
Theme VI (Frontiers of Research and Application of Modern Tools and Techniques in Forest 
Hydrology) was chaired by Dr K.D. Sharma and Dr Antonio Dano. 
 
Dr Kushwaha talked about the progress made in the imaging technology (CARTOSAT-1, IKONOS, 
Quickbird) from space, and emphasized the need to convert remote sensing data obtained in the full 
electromagnetic spectrum starting from optical, thermal, microwave (k x, c, l bands) into hydrological 
information. In continuation, Dr R.D. Singh gave a detailed overview of the various hydrological 
processes involved in the forest hydrology, and the various tools and techniques for modeling and 
simulation. He recommended the use of physically based distributed model MIKE SHE for forest 
hydrology. He highlighted various R&D issues in the forest hydrology such as relationship between 
deforestation and rainfall, climatic variables and its impact on forest water outputs, role of forest in 
water quality, and forest and mitigation of floods at basin scales. The third presenter, Dr J.V. Tyagi 
showed the rare application of SWAT model in the mountainous watersheds for the hydrological 
response of dense and degraded oak forest. Degraded forest generated more sediment yield as 
compared to the dense forest.  Then, Dr P.K. Gupta advocated the use of hydrological system model 
instead for using single or two-process models to understand the linkages of the various hydrological 
processes. He compared various globally available hydrological models and recommended the 
application of MIKE SHE model for understanding forest hydrology by demonstrating the application 
of the MIKE SHE model in a watershed located in the Kanha National Park of Madhya Pradesh State. 
The fifth author, Dr Siti Nurhidayu Abu Bakar, gave a presentation on the use of Unobserved 
Components - Dynamic Harmonic Regression UC-DHR model to identify sediment recovery following 
tropical selective logging in the watershed of Malaysia. Mr. Basanta Gautam then demonstrated and 
emphasized the use of NN algorithm for the estimation of water volume using remote sensing and 
GIS variables.  Mr Manoj Kumar as the seventh author proposed a meta-modeling framework as a 
simulation model for Uttarakhand Forest Hydrology (SMUFH) for the contribution towards the 
Uttarakhand water regulatory services. The session concluded with Dr S. Tarafdar who highlighted 
and demonstrated the importance of spring hydrology through isotopic composition of precipitation 
and aquifer characteristics, and developing local and regional meteoric waterlines. 
 
 
  



 
Workshop Report 

 

9 
 

Concluding Session 
 
The concluding session focused on looking ahead and moving towards development in the field of 
forest hydrology, as well as striking the right balance between the various concepts of forest 
hydrology. Participants were prompted to give their overviews. Then, Dr S.D. Sharma, FRI Dehradun, 
summarized all the six thematic sessions. 
 
This was then followed by a panel discussion. The panelists were: 

1. Dr P.P. Bhojvaid, Director, FRI, Dehradun, India 
2. Dr R.D. Singh, Director, NIH, Roorkee, Dehradun, India 
3. Dr Rajendra Dobhal, Director General, UCOST, Dehradun, India 
4. Dr Sim Heok Choh, Executive Secretary, APAFRI 
 

 

                          
Dr P.P. Bhojvaid, Director, FRI, India – After expressing his thanks and gratitude towards all the 
presenters, funding agencies, the organizers, media and other important personnel, he gave a brief 
introduction of himself and the other respected panelists. He emphasized that water is a global issue 
and multinational projects should be taken up to solve this issue. He suggested establishing 
communication among young scientists and students of the related fields from different organizations 
in and outside the country to facilitate continued interactions. 
 
Dr R.D. Singh, Director, NIH, India – Stressing on the different aspects of the related fields, he 
talked about the relevant points of the recent disaster caused by flood in Kedarnath of Uttarakhand, 
India. He discussed the relationship between the intensity of rainfall, vegetation/landuse and 
hydrological cycle. He emphasized on the need of understanding how forest helps in reviving the river 
system, and also stressed that active involvement of all stakeholders will be crucial in defining 
policies, and mobilizing investments to achieve sustainable development. 
 

 
Dr Sim Heok Choh, Executive Secretary, APAFRI – Dr Sim gave details related to the goal of 
identifying research risks and best practices. He viewed forest hydrology as an important, fresh 
concept that might bring new impetus to the discussion. He reiterated the need to strengthen 
multinational collaboration on forestry research, including forest hydrology, across national 
boundaries.  
 

 Dr R.D.Singh, Director, NIH, Roorkee  
 

Dr P.P. Bhojvaid, Director, FRI 

Dr S.D. Sharma, FRI 
 

Panelists at the concluding session of the workshop 
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Dr Rajendra Dobhal, Director General, UCOST, Dehradun – He mentioned that there is an urgent 
need to further clarify the concepts of forest hydrology. He suggested focusing on policy tools and 
concrete projects instead of endless discussions on the concepts themselves.  He further stressed on 
the following points:  

• Multi-institutional efforts 
• Database sharing (providing baseline data) 
• Networking of researchers  
• Necessity of field investigation 
• Solving the inter-personal issues  

 
The presentations and panel discussions had the following main findings:  
 

 Forest Hydrology has obvious benefits for all in the Asia Pacific region, demonstrated by all 
the presentations. Nevertheless, there are real and significant challenges to the adoption and 
application of the various forest hydrology techniques. These include:  

• Infiltration capacity 
• Landuse 
• Estimation of streamflow 
• Manning Equation(flood flows) 
• Water Balance Approach (annual streamflow) 
• Watershed upgrading 
• Sustainable water management (including ground water,  surface water and river 

streams) 
• GIS, Remote Sensing, modeling and isotopic techniques. 

 
 Strong population growth, and landuse and land cover change, climate change, weak 

governance, regulatory and policy frameworks for forest and water resources, raise concerns 
over water scarcity, frequency and severity of floods, watershed degradation, and the 
ecosystem sustainability. 

  
 These points above provide basis for further discussions, debates, research and advocacy, and 
policy considerations. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Dr R. Dobhal, Director General, UCOST  

 
Dr Sim Heok Choh, Executive Secretary 

APAFRI  
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Hydrological Characteristic and its Response to Climate Change:  
A Case Study of Tropical Rainforest in Jianfengling, Hainan Island  

South China 
 

 Qiu Zhi-Jun, Zhou Guang-Yi* and Li Yi-De 
Research Institute of Tropical Forestry, Chinese Academy of Forestry 

 Longdong, Guangzhou, Guangdong Province 510520 
China 

*Email: cheersritf@163.com 
 
 
Tropical rainforest is the most complex forest ecosystem. It has the highest biodiversity and plays an 
important role in adjusting regional water cycle and water resources, and had been thoroughly studied 
(Zang et al. 2001, Hardesty et al. 2002, Bunker et al. 2005, Zheng et al. 2006). In particular, climate 
change and its effect on hydrology has been a hot issue following global change (Gawith et al. 2012, 
Zhang et al. 2012). Tropical mountain rainforest in Jianfengling is one of the most intact tropical 
rainforest ecosystems in China (Jiang and Lu 1991, Fang et al. 2004). With the hydrological data 
(1989–2007) and meteorological data (1957–2007) of Jianfengling on Hainan Island, China, this 
paper analyzes the characteristics of rain and runoff, water balance of tropical mountain rainforest, 
and impacts of climate change on runoff.  
 
 
Methodology 
 
Study area 
Jianfengling mountain, located at southwest of Hainan Island, with the latitude of 18º20′–
18º57′N， longitude of 108º41′–109º12′E, is one of the earliest declared national nature reserves of 
China. There existed a perfect vegetation series here, including coastal thorny shrub, savanna, 
tropical semi-deciduous monsoon forest, tropical evergreen monsoon rainforest, tropical mountain 
rainforest and mossy forest, which distribute from the foot to mountaintop; and the tropical rainforest 
of this region is one of the most intact in China (Jiang and Lu 1991). On an average, there were about 
three typhoons (or tropical storms) which affected this region and brought along more than 1000 mm 
rainfall every year (Zhou et al. 1996). 
 
Field data collection 
Meteorological data of 1957–1988 was recorded manually every day, and data of 1989–2007 was 
monitored by auto weather station for two sites, Tianchi (altitude of 820 m) and Shiyanzhan (68 m).  
 
A tropical mountain rainforest catchment of 3.01 ha has been selected for stream gauging since 1989. 
The altitude ranges from 826 m to 1010 m, the dominant tree species are Castanopsis fissa, C. 
tonkinensis and Nephelium topengii. Lateritic yellow soil derives from porphyritic granite in the 
catchment. Water level of the stream gauge station was recorded by daily auto-paper-recorder from 
1989 to 1998, and by a water level recorder with data logger from 1999 to 2007. Discharge and runoff 
were computed from water level. 
 
 
Results 
 
Rainfall  
Annual precipitation (P) ranges from 1 305.5 mm to 3 662.3 mm with a mean of 2 478.9 mm in 
Tianchi, and from 914.3 mm to 2539.1 mm (mean of 1645.2 mm) in Shiyanzhan. And there is a 
rotation of 12–14 years in rainfall time series (Figure 1) which may be influenced by sunspots 
activities. Rainfall from May to October accounts for 87.74% of annual total. Storm with daily rainfall of 
more than 50 mm accounts for the main proportion (59.2%) of precipitation (Figure 2).  
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Figure 1.  Annual rainfall of Jianfengling tropical rainforest region 

 

 
Figure 2.  Rainfall amount percentage of different rain event in Tianchi (1980–2007)  

(Flurry: 0 mm≤R24<10 mm; Moderate rain: 10 mm≤R24<25 mm; Downfall: 25 mm≤R24<50 mm; 
Small storm: 50 mm≤R24<100 mm, Moderate storm: 100 mm≤R24<200 mm;  

Heavy storm: 200 mm≤R24. R24 = rainfall in 24 hours) 
 

Runoff 
Monthly runoff of the catchment has similar dynamic as monthly rainfall but flood detention. The 
lowest and the highest monthly runoff in a year appear in April and September respectively (Figure 3). 
There were 6 abundant runoff years and 8 insufficient runoff years during 1989–2007. Annual mean 
surface runoff was 17.1 mm, which accounted for only 0.6% of annual rainfall. After dividing runoff 
into base flow and quick flow using digital filters method (Chapman 1991), it was found that annual 
mean base flow (BF) and quick flow (QF) were 864.7 mm and 541.5 mm respectively. Hydrological 
response (QF/P) differs from year to year and has a slightly increasing trend (Figure 4).  
 
Water balance  
Canopy water balance of the tropical mountain rainforest indicated that 78.7%, 7.1% and 14.2% of 
gross rainfall were throughfall, stem flow and canopy interception loss respectively, based on the 
observed data from 1989 to 1994 (Table 1). For water balance on small catchment scale, annual 
mean rainfall (P), runoff (R) and evapo-transpiration (ET) from 1989 to 2007 are 2542.9 mm, 1406.2 
mm and 1136.7 mm, respectively (Table 2).  
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Figure 3.  Monthly rainfall and runoff of Jianfengling tropical rainforest catchment (1989–2007) 

 
Figure 4.  Annual hydrological response (1989–2007) 

 
Table 1.  Annual distribution of canopy interception of Jianfengling tropical mountain rainforest 

Period Rainfall 
(mm) 

Throughfall 
(mm)          (%) 

Stemflow 
(mm)       (%) 

Canopy interception 
   (mm)             (%) 

1989.05–1990.04 2 915.5 2 284.9 78.3 124.7 4.3 505.9 17.4 
1990.05–1991.04 2 224.4 1 687.9 75.9 143.9 6.5 392.6 17.6 
1991.05–1992.04 3 502.6 2 797.4 79.9 299.1 8.5 406.1 11.6 
1992.05–1993.04 3 000.9 2 410.7 80.3 258.9 8.6 331.3 11.0 
1993.05–1994.04 1 698.0 1 342.1 79.0 125.3 7.4 230.6 13.6 

Mean 2 668.3 2 104.6 78.7 190.4 7.1 373.3 14.2 
 

Table 2.  Main climate factors and water balance in Jianfengling tropical mountain rainforest 

Year 
Climate factor Water balance 

T RH V Ew Rain P R BF QF ET 
(℃) (%) (m/s) (mm) (day) (mm) (mm) (mm) (mm) (mm) 

1989-1997 19.7 88.36 1.4 1233.8 130.4 2639.2 1283.0 735.4  547.6 1356.3
1999-2007 20.2 89.66 0.9 1194.3 137.9 2584.0 1639.4 1043.8  595.6 944.6
changes 0.5 1.3 -0.5  -39.5 7.5 -55.2 356.4 308.4 48.0 -411.7 
1989-2007 20.0  89.0  1.2  1214.1 134.2 2542.9 1406.2 864.7  541.5  1136.7
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Climate change and its impacts on runoff 
There is a warming trend in annual air temperature time series of Shiyanzhan (Figure 5). The 1960s–
1970s was a cold period. Then, in 1980s, annual air temperature increased continually, with the 
increasing rate of 0.15ºC/decade. Into the 21th century, annual temperature increased more 
significantly, and annual mean air temperature in 2001–2006 was 0.4ºC higher than that of 1990s. 
The year 1979 was a changing point of the time series, and the mean annual air temperature in 
1957–1978 was 24.4ºC, but that of 1979–2007 was 25.0ºC. Air temperature of Tianchi has the same 
trend as Shiyanzhan, but the annual mean is 4.9ºC lower than that of Shiyanzhan (Figure 5). 

 
Figure 5. Annual air temperature of Shiyanzhan and Tianchi 

 
In traditional theory, when air temperature increases, evapotranpiration increases and runoff 
decreases. The Turc (1961) method was adopted to compute the evapotranspiration of tropical 
rainforest, and the simulation of impacts of annual temperature on runoff showed that when annual 
temperature increased by 0.1ºC, annual runoff decreased by 6.3 mm to 6.7 mm. 
 
However, the observed annual runoff has a similar trend as air temperature (Figure 6). The mean 
rainfall of 1989–1997 and 1999–2007 were almost the same, but the mean total runoff of 1999–2007 
was 356.4 mm per year more than that of 1989–1997 (Table 2). The annual mean air temperature of 
1999–2007 is 0.5ºC higher than that of 1989–1997. This indicated incredible positive relation between 
runoff and temperature when other factors not considered in Jianfengling of Hainan Island. 
Nevertheless, it can be seen in Table 2 that measured wind velocity (V) and water evaporation (Ew) 
decreased, and relative humidity (RH) increased simultaneously when air temperature increased, and 
also the rain event changed. These changes explained well the difference of water balance during 
1989–1997 and during 1999–2007. It further suggested that multi-factors of climate change affected 
water balance and runoff. 
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Figure 6. Annual runoff, rainfall and air temperature of Jianfengling tropical rainforest catchment 

(1989–2007) 
 
 
Discussion and conclusion 
 
There is an increasing trend in air temperature and runoff, it seems to be unreasonable and 
unbelievable because when air temperature increases, evaporation should increase too if other 
factors are ignored. However, it was found that there was a decreasing trend in wind speed and solar 
radiation of Jianfengling (Zhou et al. 2009). Wind speed and solar radiation, as same as air 
temperature, have positive effect on evapo-transpiration. It is the function of decreasing wind speed 
and solar radiation, and the increasing air temperature that result in the decreasing of evapo-
tranpiration. Xiao et al. (2008) had the same result when they analyzed the evaporation of South 
China. 
 
Generally, there exists a trade-off between rainfall and air temperature, this trade-off was obvious 
during 1989 to 1999 but not during 1999 to 2007 (Figure 6). This may imply that most of the rainfall 
during the later duration (1999–2007) occur in the nights. 
 
The effect of climate change on runoff is depended on many factors such as rainfall especially 
rainstorm, air temperature, wind speed, solar radiation; but their influencing trends are different. 
Therefore, the effect of climate change on runoff and water balance is complex. Since typhoon storm 
affects runoff greatly (Zhou et al. 1996), it is necessary to quantify the role of typhoon in increasing 
runoff of Jianfengling region. Further research would be needed to clearly identify the effect of various 
climate factors on runoff. 
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Land-cover change is a major determinant of changes in hydrologic functions and services. The 
hydrologic effects of forest use and establishment of tree-plantations on degraded land at multi-
decadal time-scales on the streamflow response are less studied in the humid tropics. In the Western 
Ghats of India (Uttar Kannada, Karnataka State), a previous soil hydraulic conductivity survey linked 
with rain IDF (intensity-duration-frequency) had suggested a greater occurrence of infiltration-excess 
overland within the degraded forest and reforested areas and thus potentially higher streamflow 
(Bonell et al. 2010). 
 
The hydrologic effects of forest use and reforestation of degraded lands in the humid tropics have 
implications for local and regional hydrologic services, but such issues have been relatively less 
studied when compared to the impacts of forest conversion. In particular, the ‘‘infiltration-
evapotranspiration trade-off’’ hypothesis which predicts a net gain or loss to baseflow and dry-season 
flow, under forest degradation or reforestation, depending on conditions, has not been adequately 
tested. 
 
 
Methodology  
 
This study tested these predictions and hypotheses in Uttar Kannada (Krishnaswamy et al. 2012, 
Krishnaswamy et al. 2013) by establishing experimental basins ranging from 7 to 23 ha across three 
ecosystems: (1) remnant tropical evergreen forest (NF), (2) heavily-used former evergreen forest 
which now has been converted to tree savanna, known as degraded forest (DF), and (3) exotic acacia 
plantations (AC, Acacia auriculiformis) on degraded former forest land. In total, 11 basins were 
instrumented (3 NF, 4 AC and 4 DF) in two geomorphological zones, Coastal and Up-Ghat (Malnaad); 
and at three sites (one Coastal, two Up-Ghat). The rainfall-streamflow observations collected (at daily 
and also at a 36-min time intervals in the Coastal basins) over a 2-year period (2003–2005) were 
analysed. Four larger (1–2 km2) catchments downstream of the head-water catchments in the 
Malnaad, with varying proportions of different land-cover and providing irrigation water for areca-nut 
and paddy rice, were also measured for post-monsoon baseflow. Daily hydrological and climate data 
was recorded at all the sites. 
 
 
Results 
 
In both the Coastal and Up-Ghat basins, the double mass curves showed that during the rainy season 
a consistent trend in favour of more proportion of streamflow in the rank order of DF > AC > NF. 
These double mass curves provide strong evidence that overland flow is progressively becomes a 
more dominant stormflow pathway. Across all sites, NF converted 28.4 ± 6.41% of rainfall into total 
streamflow in comparison to 32.7 ± 6.97% in AC and 45.3 ± 9.61% in DF. Further support for the 
above trends emerges from the quickflow ratio QF/Q for the Coastal basins. There are much higher 
values for both the DF and AC land covers, and their rank order DF > AC > NF. The quickflow 
response ratio QF/P is also the highest for the DF basin, and along with the QF/Q ratio, can exceed 
90%. The corresponding delayed flow response ratios, QD/P clearly show the largest QD yields as a 
proportion of event precipitation from the forest (NF). Cross-correlation plots for rain–streamflow and 
corresponding lag regression models for three storm events in the Coastal basins suggested the 
existence of alternative stormflow pathways with multiple lags with peaks between 12 and 24 h in NF, 
compared to respective bimodal peaks at 1 and 16 h in AC and 1 and 12 h in DF. The flow duration 
curves demonstrated a higher frequency and longer duration of low flows under NF when compared 
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to the other more disturbed land covers in both the Coastal and Malnaad basins. Groundwater 
recharge estimated using water balance during the wet-season in the Coastal basins under NF, AC 
and DF was estimated to be 50%, 46% and 35% respectively, and in the Malnaad it was 61%, 55% 
and 36% respectively. Soil water potential profiles using zero flux plane methods suggest that during 
the dry-season, natural forests depend on deep soil moisture and groundwater. Catchments with 
higher proportion of forest cover upstream were observed to sustain flow longer into the dry-season. 
 
 
Discussion and recommendations 
 
The long time lags for NF are suggestive of deep sub-surface stormflow and groundwater as the 
contributing sources to the storm hydrograph. The short time lags in DF and AC are indicative of 
overland flow and so ‘memory’ of the previous degraded land cover is retained in AC as supported by 
previous hydraulic conductivity data. Low potential and actual evapotranspiration rates during the 
monsoon, that is similar across all land-cover, ensures that the main control on the extent of 
groundwater recharge during the south-west monsoon is the proportion of rainfall that is converted 
into quick flow, rather than differences in evapotranspiration between the different land cover types. 
 
These hydrologic responses provide some support towards the ‘‘infiltration-evapotranspiration trade-
off’’ hypothesis in which differences in infiltration between land-cover rather than evapotranspiration 
determines the differences in groundwater recharge, low flows and dry-season flow. Groundwater 
recharge is the most temporally stable under natural forest. Substantial recharge, however, occurs 
under all three ecosystems, which helps to sustain dry-season flow downstream in higher order 
streams that sustain local communities and agro- ecosystems. In addition to spatial scale effects, 
greater attention also needs to be given to the role of hydrogeology within the context of the above 
hypothesis and its implications for hydrologic services.  Conservation of remnant natural forest 
patches thus assumes further importance especially in the context of future changes in rainfall 
regimes under climate change. 
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Forests cover 63% of total area of Korea. Korea’s forests are mostly distributed in the upstream 
region of most of the major rivers of Korea. Therefore, forests play a critical role as a crucial source of 
clean water in Korea. Coniferous forests constituted 42%, followed by mixed forest 29%, and 
deciduous forest 26%, of the whole forest cover in Korea. 
 
One hundred years ago, Korea had plenty of forest resources. However, the Japanese occupation 
period and Korean War were time of tribulation for Korean forests. The forests were completely 
devastated by the end of the Korean War in 1953. From 1960s, Korea began its afforestation and 
reforestation in earnest led by the government. Now total afforestation area reached 2.2 million ha, 
and it is almost a third of total forest area of South Korea. Major afforestation species were coniferous 
trees such as Korean pine, red pine, pitch pine and larch. So far coniferous forests consist of young 
stands, and forest structure has changed rapidly through tree growth. 
 
Since 1979, Korea Forest Research Institute (KFRI) has been conducting hydrological monitoring in 
several forest catchments for better understanding of the basic hydrological processes of forests and 
forest areas, the effects of forest type and afforestation on water cycle, and the impact of forest 
management practices on sustainable clean water yield. Currently, forest hydrological monitoring is 
conducted in 16 long-term hydrological monitoring catchments located in the whole South Korea.  
 
In this study, some major results from the forest hydrological researches conducted by KFRI are 
presented. The results include changes of the long-term water balance by forest types, and the 
effects of afforestation, reforestation and forest management practices on water resources retention 
and conservation in Korea. 
 
 
Methodology 
 
Long-term hydrological monitoring catchments covered by this study are located north of Seoul, 
Korea. There are three different forest types in these monitoring catchments: planted coniferous forest 
(catchment GC), natural old deciduous forest (catchment GB), and revegetated mixed forest 
(catchment YJ).  
 
Catchments GC and GB are located in the Gwangeung Experimental Forests, placed about 10km 
northeast of Seoul. This area is one of the typical mountainous landscapes easily seen in central 
northern part of South Korea. Catchment GC is a small forest catchment, situated between 37º45′45″ 
to 37º46′01″N and 127º09′11″ to 127º09′28″E. The bed rock and soil texture of catchment GC are 
granite gneiss and sandy loam, respectively. The elevation range is between 160 and 290m above 
sea level. The area is 13.6ha, and over 80% of the whole catchment area is covered with coniferous 
forests. The main tree species are Pinus koraiensis, Pinus rigida and Abies holophylla planted in 
1976. In 1996, 40% was removed by uniform thinning in the catchment GC, and the degree of crown 
closure of forest was adjusted down by 70% (KFRI 1994). 
 
Catchment GB is covered with old natural broad-leaved forest, located at 37º44′52″ to 37º45′16″N and 
127º08′34″ to 127º08′55″E. Most of the trees are older than 90 years, and the area of the catchment is 
22 ha. The main tree species in Catchment GB are Quercus and Carpinus spp. The bedrock of the 
catchment is formed by granite gneiss, and the soil texture is sandy loam. The altitude of the 
catchment is 280 to 470 m above sea level. 
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Catchment YJ is located in the Yangjoo Experimental Forests, and is covered with revegetated mixed 
forest, located at 37º49′05″ to 37º49′13″N and 127º06′47″ to 127º07′04″E. This area was originally 
denuded land. Revegetation works had done in 1974, and most of the trees are about 40 years old. 
The area of the catchment is 5.2 ha. The main tree species in Catchment YJ are Pinus rigida and 
Quercus spp. The bedrock of the catchment is formed by granite, and the soil texture is sandy loam. 
The altitude of the catchment is 130 to 210 m above sea level. 
 
Forest hydrological research of water cycle started in the Gwangneung and Yangjoo Experimental 
Forests monitoring the streamflow and sediment by the Laboratory of Forest Water Resources of 
Korea Forest Research Institute since 1979. 
 
For the research, triangular concrete weir with sharp crested V-notch was established at the outlet of 
each catchment in 1979, and precipitation and runoff measurement started from 1980. Precipitation is 
observed mainly using tipping-bucket-rain gauges. In order to improve the accuracy of precipitation 
measurement, weighing precipitation gauges has been incorporated since 2000. Water level at the 
weirs is measured by float water level gauges, and runoff is calculated using the rating curves 
developed for each catchment. Data collection has been relatively successful without significant 
interruptions. 
 
 
Results and discussion 
 
In order to examine long-term changes or differences in daily discharge characteristics in the three 
catchments, flow duration curves were analyzed. Daily discharge data over the years were sorted in 
descending order, and plotted to give the average flow duration curves for every ten years. Four 
characteristic discharge values were selected from these curves: Q95, Q185, Q275 and Q355, being 
the discharge exceeded on 95, 185, 275 and 355 days out of 365 days in a year, respectively. The 
Q95 represents flood or high flows, Q185 and Q275 represent medium flows and Q355 represents 
low flows in a year.  A 10-year average of each of the four characteristic discharges was calculated for 
1980s, 1990s and 2000s, and these averages were compared to identify influences of afforestation, 
reforestation and forest management practices (Figures 1, 2 and 3). 
 
During the last 30 years, the water balance of the natural old deciduous forest catchment has 
changed slightly in proportion to slight increasing of annual precipitation. However, the planted 
coniferous forest catchment and vegetated mixed forest catchment have big changes in the water 
balance due to the forest recovery and thinning. In the planted coniferous forest catchment, average 
annual low flow discharges increased by 1.5–2.5 times during those 30 years. In the vegetated mixed 
forest catchment, average annual low flow discharges had increased by more than 4 times during the 
30 years (KFRI 2012). 
 
The comparison of mean annual runoff rates of the two catchments during the whole monitoring 
period confirms that water losses from young planted coniferous forests are greater than those of old 
natural broad-leaved forests. During the whole monitoring period, the water balance of the catchment 
GB remains relatively unchanged. However, the planted coniferous forest catchment GC has many 
changes in the water balance due to the forest recovery and thinning. In the planted coniferous forest, 
catchment runoff decreased with increasing tree age. This was due to increasing interception and 
evaporation loss. However, forest thinning which reduced the number of trees brought about the 
increasing of annual runoff in the planted coniferous forest. Mean annual runoff in the catchment GC 
increased by 1.7 times after forest thinning. This value was almost equal to the mean annual runoff in 
the catchment GB in the same period (Choi et al. 2011). 
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Figure 1. Changes of average flow duration curve between three periods in the catchment GB 

 

 
Figure 2. Changes of average flow duration curve between three periods in the catchment GC 

 

 
Figure 3. Changes of average flow duration curve between three periods in the catchment YJ 
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Landuse changes and their influences on hydrological characterisics are the main concerns especially 
to the local communities, scientists and environmentalists. Very few research had been conducted on 
the effects of forest plantation establishment in clear-cut forest. This study was conducted in Bukit 
Tarek Tambahan forest reserve which is located at Kerling, Selangor in Peninsular Malaysia.  This 
forest is classified as a secondary regenerated lowland rainforest after it was first logged in 1963. It is 
located at approximately 3º31’N latitude and 101º35’E longitude. The study site covers two 
experimental catchments, C1 (32.8 ha) and C3 (14.4 ha).  C3 was clear felled before forest planting 
started from November 1999 to August 2000, while C1 is the control. The Hopea odorata species was 
planted in year 2004. The aims of the study were: i) to quantify the yearly water yield changes before 
and after forest clear-cut in C3; ii) to analyse the effect of forest clearance on peak discharges (Qp) 
and iii) to determine the water balance of the young Hopea odorata catchment in C3.  
 
 
Methodology 
 
The daily rainfall (P) and discharge (Q) were measured continuously from years 1997 to 2003 in order 
to determine the yearly water yields and analysis of peak discharges, while the measurements from 
years 2006 and 2007 were to determine the water balance of young Hopea odorata catchment. The 
evapotranspiration (ET) was determined from the water balance equation (ET = P – Q). Rainfall was 
measured using automatic tipping bucket rain gauge (0.5 mm/tip). A 120º V-notch weir and a stilling 
well with a continuous stage recorder were installed at the outlet of each catchment and the stream 
water level was measured continuously using a chart. The discharge rating curves for the two 
catchments were measured by volumetric gauging technique. The water year period from July to June 
the following year was used to show the results. 
 
 
Results and discussions 
 
i)  Water yields before and after forest clear-cut in C3 
The yearly water yield changes in C1 and C3 were shown in Tables 1 and 2. There were fluctuations 
in the amounts of water yield in C1 and C3 in relation to the amounts of rainfall. This finding is 
compatible with other experimental catchment research by Low and Goh (1972) for five forested 
catchments in Selangor, Malaysia; and Abdul Rahim (1988).  
 

Table 1. Water yields of C1 based on water years from 1997 to 2003 

 97/98 98/99 99/2000 2000/01 2001/02 2002/03 

Q (mm) 631.7 1276.9 1725.6 1554.2 1051.8 1859.2 

P (mm) 2167.2 2898.0 3177.0 2707.0 2507.0 3385.8 

ET (mm) 1535.5 1621.1 1451.4 1152.8 1455.2 1526.6 
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Table 2. Water yields of C3 based on water years from 1997 to 2003 

 97/98 98/99 99/2000 2000/01 2001/02 2002/03 

Q (mm) 418.7 1005.0 1490.0 1557.6 845.5 1352.3 

P (mm) 2167.2 2898.0 3177.1 2707.0 2506.9 3385.8 

ET (mm) 1748.5 1893.0 1687.1 1149.1 1661.4 2033.5 

Note:  Forest clearing took place in Nov 1999–Dec 2001 
 
ii)  The effect of forest clearance on peak discharges 
Figure 1 shows that peak discharges being higher in C3 compared with C1 before the forest was 
clear-cut, which could be due to the differences in forest density between the two catchments. The 
peak magnitudes increased during the period of forest clearance and slowly decreased in the 
subsequent years. The peak magnitudes increased more with forest clearance again before tree 
planting and decreased in the subsequent years after the forest plantation was established which was 
from years 2004 to 2007. The increase in peak flow following forest clearing was also observed by 
Guillemettea et al. (2005) in Montmorency Forest in Quebec, Canada.  

 
Figure 1. Linear regressions of Qp between treated catchment (C3) and control catchment (C1) 

 
 
iii)  Water balance of the young Hopea odorata catchment  
Table 3 shows that water yield in C3 was higher than in C1.  The total discharges of about 61.4% of 
rainfall in C3 and only 58.2% of rainfall in C1 are compatible with the large amounts of rainfall 
received during this period and also after comparison with previous years’ discharges. The ET was 
higher in C1 with the matured, dense forest canopy cover.   
 
The area involves in the actual forest plantation establishment is very large compare with the area in 
this study. Normally, the whole area of forest is clear-cut in preparation for forest plantation 
establishment and definitely the effects will not be the same as what have been obtained in this study. 
Thus, a large forest area that is to be converted to forest plantation should be divided into phases so 
that the forest clearance and planting can be done phase by phase so as to reduce the effects on the 
hydrological parameters. 
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Table 3.  Water balance at Bukit Tarek Experimental Watershed, water year 2006/07 
Water year 

(July06/June07) 
Rainfall 

(mm) 
Total 

discharge 
(mm) 

Evapo 
transpiration 

(mm) 

Interception 
(mm) 

 
Plantation 
catchment (C3) 

3473.7 
 

2133.9 
(61.4%) 

1339.8 
(38.6%) 

 (12.7-19.5%) 
 
 

Natural forested 
catchment (C1) 

3473.7 
 

2021.7 
(58.2%) 

1452.0 
(41.8%) 

 (13.6%) 
 
 

Note: Forest planting started in 2004 
 
Forest plantation can be established with close supervision in order to reduce the impact on the 
environment as the degree of disturbance determines the time that the forest would take to revert to 
its original level. 
 
In conclusion, forest plantation establishment has positive influence on the water yield of the treated 
catchment in Bukit Tarek Tambahan forest reserve. Better understanding of the hydrological 
processes affected by clear cutting activities would assist stakeholders in sound forest management 
planning.  
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The original forest cover of the densely populated Middle Mountain Zone of the Nepalese Lesser 
Himalayas is mostly degraded or has disappeared because of strong anthropogenic pressure. In 
combination with strongly seasonal rainfall, the reduced capacity of eroded soils to absorb monsoonal 
rains has led to widespread shortages of water during the dry season (Schreier et al. 2006). In 
response, a major reforestation programme was launched in the 1980s in the expectation of providing 
more stable streamflows due to enhanced rainfall infiltration after planting (cf. Gilmour et al. 1987). 
However, due to the higher water use of these fast-growing pine plantations compared to the 
degraded vegetation they typically replaced and due to the fact that major improvements in soil 
infiltration capacity may take several decades of undisturbed forest development (Gilmour et al. 
1987), reforestation may well cause already diminished dry season flows to be reduced even further 
(Bruijnzeel 1989, 2004). This appears to be the case in the Middle Mountains of Central Nepal where 
farmers have expressed concerns about diminishing streamflow volumes and spring discharges 
following the large-scale planting of the pines (República 2012). 
 
The primary objective of the present study was to investigate the “trade-off” between (i) the contrast in 
water use of the tree plantations relative to degraded pasture and (ii) any increases in soil water 
reserves afforded by improved infiltration. The data measured include: vegetation water use (ET), 
overland flow, and soil hydraulic conductivity (Kfs) in a little disturbed natural broad-leaved forest (NF), 
a degraded pasture (DP) and an intensively used planted pine forest (PF) near Dhulikhel, Central 
Nepal. Next, the data were integrated to assess the net impact of reforesting degraded pasture on dry 
season flows. 
 
 
Study area 
 
The work was conducted at about 1500 m elevation in the headwaters of the Jikhu Khola Catchment 
(JKC), approximately 45 km east of Kathmandu. The climate of the JKC is largely humid subtropical, 
grading to warm-temperate around 2000 m a.s.l. Mean (±SD) annual rainfall measured at 1560 m for 
the period 1993–1998 was 1487 (±155) mm (Merz 2004). The rainy season (monsoon) begins early 
June and ends by late September during which about 80% of the annual precipitation is delivered. 
Soils are well-drained Cambisols of loamy texture and rooting extends into the weathered bedrock. 
 
 
Methodology 
 
Environmental monitoring: climatic conditions were monitored by an automatic weather station located 
in the DP near the PF. Incident rainfall for each plot was recorded using a tipping bucket rain gauge. 
Soil water content at each plot was measured at depths of 10, 25, 50, and 75 cm using TDR sensors. 
 
Evapotranspiration: rainfall interception (Ei) was calculated as the difference between gross rainfall 
(P) and net rainfall (throughfall+stemflow). Quantification of tree transpiration (Et) was accomplished 
by in situ xylem sap flow rate measurements whereas evaporation from the DP was estimated using 
the HYDRUS-1D model for soil water transport. To obtain approximate annual evapotranspiration 
(ET) totals for the two forests, the respective values of Ei and Et were added and combined with 
estimates for evaporation from the understory and litter layer (see Ghimire (2014) for details). 
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Soil hydraulic conductivity and overland flow: field-saturated soil hydraulic conductivity (Kfs) in the 
respective plots was measured at the hillslope scale, both at the surface and at depths of 0.05–0.15 
m, 0.15–0.25 m, 0.25–0.50 m and 0.5–1.0 m. The Kfs at different depths were subsequently combined 
with selected percentiles of 5-min maximum rainfall intensities (I5max) to infer the dominant hillslope 
hydrological pathways during intense rainfall. Overland flow at each site was monitored between 20 
June and 9 September 2011 (i.e., the bulk of the rainy season) using a single large (5 m x 15 m) 
runoff plot (see Ghimire et al. (2013) for details). 
 
 
Results  
 
Figure 1 shows the monthly variation in ET and its two main components (Ei and Et) for the three land-
cover types between 1 June and 31 May 2011. Although seasonal patterns of ET were similar, 
monthly ET was highest in the PF and lowest in the DP throughout. All three sites showed higher ET 
during the monsoon (June–September) compared to the dry season (October–May) owing to the 
(much) higher frequency of wetting and subsequent drying (evaporation) during the wet season. 
 

 
Figure 1. Monthly rainfall, interception and transpiration totals (mm) between 1 June 2010 and 31 
May 2011 in (a) natural broad-leaved forest, (b) degraded pasture, and (c) planted pine forest near 
Dhulikhel, Central Nepal 
 
The surface Kfs in the NF exceeded the maximum values of I5max, suggesting infiltration-excess 
overland flow (IOF) would never occur here (Figure 2). Nevertheless, some overland flow was 
recorded (Table 1), possibly in the form of saturation-excess overland flow at the height of the rainy 
season. The median surface Kfs values of the DP and PF were below the upper quartile of I5max, 
indicating the frequent occurrence of IOF during high-intensity rainfall (Figure 2). IOF at the DP was 
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typically generated after 3–4 mm of rain whereas the seasonal IOF total amounted to 187 mm (21.3% 
of P). Corresponding values for the PF were comparable at 4.2 mm of rain before IOF would start and 
a seasonal total of 136 mm (15.5% of P). 
 
Table 1. Summary of annual evapotranspiration (ET, mm) and overland flow (OF, mm) for contrasting 
land covers, and the resultant gains in infiltration (mm) and evaporative losses (mm) when converting 
degraded pasture to (heavily used) planted pine forest or (little disturbed) natural broad-leaved forest 

near Dhulikhel, Central Nepal. OF amounts calculated for a mean annual site rainfall of 1500 mm.  

Experimental plot ET (mm) OF (mm) Gain (mm) Loss 
(mm) 

Overall net 
effect (mm) 

Degraded pasture 225 320 - - - 
Pine forest 575 230 90 350 -260 

Natural forest 525 35 285 300 -15 
 
 

 
Figure 2. Changes in field-saturated hydraulic conductivity Kfs with depth as a function of landuse 
near Dhulikhel, Central Nepal. The dotted and solid horizontal lines represent the median and 95% 

percentile of the I5max rainfall intensity, respectively (modified after Ghimire et al. 2013). 
 
Combining the IOF percentages obtained for the DP and PF with a mean annual site rainfall of 1500 
mm, gives an approximate annual gain in infiltration of approximately 90 mm yr-1 under the PF relative 
to the DP (Table 1). On the other hand, the relative amounts of surface evaporation/transpiration in 
the DP and PF, plus the added rainfall interception losses from the pine forest suggest a difference in 
annual ET of about 350 mm after reforestation and stand maturation (Table 1). Thus, the added loss 
through ET is greatly in excess of the estimated gain in infiltration after reforestation causing a net 
loss of about 260 mm yr-1. Repeating the exercise for the NF (with an estimated annual ET of  about 
525 mm and very low IOF) suggests that the approximate gain in infiltration (285 mm yr-1) and the 
extra evaporative loss (300 mm yr-1) are very similar (Table 1), implying no major change in moisture 
availability and dry season flow after replacing DP by (mature) NF. 
 
 
Discussion 
 
The results obtained for the respective water balance components suggest that soil water 
replenishment and retention during the monsoon are largely controlled by surface and subsurface soil 
hydraulic conductivities and by the resultant partitioning of rainfall into overland flow, lateral 
subsurface flow and deep percolation (Table 1, Figure 2). As long as rainfall intensities remain below 
the surface Kfs threshold for overland flow to occur, soil water reserves are being recharged. 
However, for intensities above this threshold a major proportion of the rain is re-directed laterally over 
the surface as IOF and less water is available for moisture replenishment. The high surface- and 
near-surface Kfs in the natural forest (82–232 mm h-1) ruled out IOF occurrence and favour vertical 
percolation. In contrast, corresponding Kfs-values for the PF and DP were conducive to IOF 
generation during medium- to high-intensity storms which represents an important net loss of moisture 
to these hillslopes (Figure 2, Table 1). 
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The ‘infiltration trade-off’ hypothesis states that the ultimate hydrological effect of reforestation in 
terms of site water yield is determined by the net balance between increases in soil water reserves 
afforded by improved soil infiltration versus decreases caused by the higher plant water uptake 
(Bruijnzeel 2004). Comparing the hydrological behaviour of the three contrasting land-cover types 
studied here within the context of the infiltration trade-off hypothesis showed that planting pines 
increased vegetation water use relative to the pasture situation by about 350 mm yr-1. On balance, the 
limited amount of extra infiltration afforded by the pine trees was clearly insufficient to compensate the 
much higher ET of the pines, giving a net negative balance of -260 mm yr-1 (Table 1). Pertinently, the 
net effect would still have been negative (by about 120 mm yr-1) even if all rainfall would have been 
accommodated by the pine forest soil through better forest management promoting infiltration. Thus, 
the observed decline in spring discharges following reforestation in the study area (República 2012) is 
likely to primarily reflect the higher water use of the pines (Table 1). If the degraded pasture were to 
revert to natural broad-leaved forest instead, the ultimate effect on dry season flows would be 
expected to be near-neutral as the approximate gain in infiltration and the extra evaporative loss were 
very similar (Table 1). The present results illustrate that conditions in the nearly undisturbed NF and in 
similarly well-maintained forests elsewhere in the Himalaya (Pathak et al. 1984; Gerrard and Gardner, 
2002) will encourage the replenishment of soil water and groundwater reserves through vertical 
percolation (geology permitting) more than in any other land-cover type studied here and so better 
sustain baseflows during the long dry season. Thus, a key message of this work is the need to protect 
the remaining headwater forests throughout the Middle Mountain Zone. 
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Forestland covers around 50% of the land area of the Philippines, and plays critical ecological, 
economic, social and cultural roles at the local, regional and national scales. Sustaining these roles 
depends, in part, on knowledge of the dominant hydrological processes and properties of the forest 
landscapes. As of 2003, only 7 169 668 ha are stocked with forest trees (FMB 2011). This is only 
about half of what was existing about half a century ago. To conserve and protect the forest, the old 
growth dipterocarp forest areas have been placed under the National Integrated Protected Areas 
Systems (NIPAS) since 1 January 1992. Thus, logging in these areas has been prohibited since then. 
Ecologically, the forest gives invaluable environmental benefits by serving as an effective protector of 
soils and regulator of water flows and carbon cycles; and by providing habitats for a multitude of 
animal and plant life. Careful protection of the forest is therefore of utmost importance. Its destruction 
will have far-reaching effects such as: depletion of potential resource for wood and habitat; 
threatening of the capacity of the biosphere to regulate atmospheric and hydrospheric cycles; loss of 
wildlife habitat and species; soil erosion; siltation; flooding; and landslide. Deforestation, along with 
burning of hydrocarbons, is known to contribute to the CO2 build-up in the atmosphere. 
 
Hydrological processes at different scales play an important role in maintaining the biodiversity, 
landscape heterogeneity as well as fresh water supply for domestic and industrial uses. Research in 
forest hydrology is recognized as the key to understand the physical, biological, and chemical 
processes in a watershed and has significance to watershed management. Therefore, forest impact 
on the water cycling and sediment has been the major subject in hydrology and water management 
researches since the early 1970s. Facing several environmental problems particularly in post-logging 
era (80s), national-wide reforestation programs were launched with support from various funding 
institutions. To evaluate the effects of forest plantation on hydrologic processes, research works have 
been carried out by various institutions. This paper presents a brief historical development of forest 
hydrology research in the Philippines including some major findings. The future challenges of long-
term forest hydrological and ecological studies that are crucial to clarify the forest impacts on 
hydrological regime under different geographic and forest conditions particularly in relation to the 
Philippine national greening programme were discussed.  
 
 
Methodology 
 
Review on past initiatives on forest hydrology was conducted through library research and collation of 
research reports. Review of current programs of the Department of Environment and Natural 
Resources (DENR) was also conducted.  
 
 
Results and discussion 
 
Philippine forests are classified into different types, namely dipterocarps, pine, submarginal 
(dominated by grasslands), mossy and mangrove (Figure 1). The dipterocarps make up roughly two-
thirds of the total forest cover. Dipterocarps are forest stands dominated by trees of the genera 
Shorea, Dipterocarpus, Hopea, Parashorea, Pentacme and Anisoptera. These species are located in 
places with high elevations, particularly in regions where precipitation is high. The dipterocarp forest 
has been the major source for the wood industry of its raw material supply of lumber, pulp and paper, 
and other wood-based products. Pine forest consists of one genus, called Pinus, belonging to the 
family Pinaceae, and two species. Pine thrives well in high elevations, usually between 500 to 2700 m 
above sea level. In the mining areas, pine is used as mine prop. It is also used as piles, posts, and as 
raw material for pulp and paper manufacturing. In watershed areas, pine trees provide ideal 
vegetative cover for soil and water conservation. The mossy forest is of little commercial value but 
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important as a protection forest. A great portion of it in Northern part of the country has been cleared 
for vegetable farming. Grassland on the other hand dominates logged forestland. 
 
The beginning of scientific research on forest hydrology in the Philippines dates back to early 70s with 
the establishment of hydrological gauging stations in selected watersheds. Under the research 
division of the then Bureau of Forestry and funding support by United Nations Development Program 
(UNDP), the hydrology of different vegetation types in Philippines forestland was initiated. Paired 
catchment approach was established to study the hydrology of dipterocarp forest, pine forest, mossy 
forest, and grassland watersheds in selected parts of the country. Weather stations and weirs/flumes 
were installed on these watersheds to study the climate, streamflow and erosion rates. Rainfall 
redistribution under forest canopy was also evaluated to study throughfall, stemflow and infiltration. 
Plot studies were also established in many short term researches by research institutions. These 
studies provided understanding on the hydrology of watersheds under different vegetative types. 

 
Figure 1.  Forest types in the Philippines 

 
Some findings of forest hydrology research 
 
Forest canopy provides the first interface on which forest impacts hydrological cycle within the forest 
ecosystem. Generally speaking, forest canopy interception varied with both the forest ecosystem type, 
the development stage of the system and the precipitation pattern in a given river basin. Veracion 
(1982) reported that rainfall interception in heavily thinned Benguet pine plots (70%) produced 
significantly higher net rainfall (throughfall plus stemflow) than either moderately thinned (50%), lightly 
thinned (30%) or undisturbed plots (no thinning).  Control/undisturbed plots produced the higher water 
loss value followed by moderately and lightly thinned plots. Rainfall interception loss was higher in the 
control plots because of their denser canopy.  Positive and linear relationships between throughfall 
and gross rainfall and between stemflow and gross rainfall were also noted. 
 
Forest also affects streamflow characteristics in various ways particularly the peak flow rate, total 
discharge and the quality of the runoff. The accumulated effects of forest conditions and various 
watershed management measures are reflected in the watershed’s stream discharge. Forest 
influence on peak flow rate and total discharge is one of the most concerns to scientists and decision-
makers particularly in flood prone regions of the Philippines. Baconguis and Jasmin (1983) reported 
that mean monthly streamflow differed significantly despite the similarity in rainfall, primarily due to the 
inherent characteristics of the area and the vegetation types storing and utilizing rainfall and 
regulating streamflows. Baconguis (1980) reported that of the total rainfall in dipterocarp forest, 62% 
appeared as streamflow, 32% as evapo-transpiration and 6% as groundwater recharge. Daño (1994) 
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meanwhile reported that three years after reforestation of grassland watershed with Gmelina arborea, 
annual streamflow started to decrease. The decrease in mean annual streamflow was about 186 mm. 
Reforestation reduced annual sediment yield by 52% compared to that of an annually burned 
grassland watershed. Surface runoff, rainfall amount, rainfall duration and soil moisture deficiency 
accounted for 90.6% and 76.9% of the variation in sediment production in the secondary dipterocarp 
forest and grasslands watersheds, respectively (Daño 1983). Surface runoff; rainfall amount and 
rainfall duration were highly correlated with sediment production in both watersheds. 
 
Soil erosion, sediment transportation and deposition into the reservoir caused great loss of capacity 
and economic value. A total of 154 priority watersheds support water structures and soil erosion 
management is a major research and development concern. The importance of these watersheds for 
sustainable water supply is emphasized in the Forestry Master Plan. The Master Plan provide for the 
updating of watershed resources. At present, 99 have an integrated watershed management plans 
while 114 have a completed watershed characterization report (FMB 2013).  
 
Challenges of forest hydrology and watershed management  
 
A major challenge to forest hydrologic research in the country is represented by repeated question on 
the role of forests in regulating water. As the national scale reforestation activities continue, the 
hydrologic roles of the forests will be of great concerns among decision-makers and publics. Does 
forest mitigate water-related disasters, and as to what extent in particular in the face of climate 
change? How does forest impact the peak flow, does it reduce flooding as forest cover increased? In 
regions of high water demand, does forest improve water availability? The answer to these questions 
is very important in the context of National Greening Program (NGP). The program specifically seeks 
to plant 1.5 billion seedlings in 1.5 million ha of public lands nationwide in six years, from 2011 to 
2016. It seeks to improve water quality in rivers, reduce the potential for flooding, soak up carbon 
dioxide out of the atmosphere, and lay the foundation for an expanded wood-products economy. 
 
Long-term monitoring of changes in the hydrological regime particularly in water yield, peak-flow, and 
low-flow are critical for testing existing principles regarding forest and water relations. Forest 
management particularly reforestation will have accumulated effects with other land-uses and 
measures on the watershed processes. To evaluate the hydrological effects of forest management  
measures at basin scale, the use of physically based hydrological model with the GIS support are 
crucial especially with the stoppage in monitoring of experimental watersheds starting in late 90’s. 
Watershed management planning basically needs data or information on the biotic, physiographic, 
hydrologic and climatic characteristics of the watershed. The desired information would serve as 
guide in prescribing appropriate management strategies to attain the desired objectives. Some critical 
watersheds supporting water infrastructures have been characterized but data on watershed 
hydrology needs improvement. Presently, climate change is the greatest uncertainties, as it is likely to 
magnify existing impacts and threats. Assessment of impacts of climate change on flooding and water 
availability provided initial information on changes of hydrologic behaviour of watershed brought about 
by the changing rainfall pattern, but much need to be done. Basin scale forest hydrological modelling 
is also a challenging issue in hydrology and watershed management. Extrapolating watershed 
hydrology results to the regional or basin scale, considering the complex interaction of both biotic and 
abiotic factors that influenced hydrological dynamics is a great challenge. To date, upscaling of 
research results is wanting although its importance has long been widely recognized. 
 
 
Conclusion 
 
The current understanding on influenced of forest vegetation on watershed hydrology were mostly 
based on experimental watersheds and plot studies. The complexity of hydrological processes such 
as scale dependence, nonlinear behaviour and variability of hydrological environment makes it very 
difficult, to extrapolate the information from one watershed to another or from one scale to another. 
Like other Asian countries, our challenge is to apply the principles to understand how the hydrologic 
processes will respond to the many forms of change particularly landuse and climate change. 
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The Intergovernmental Panel on Climate Change (IPCC) report emphasized that global warming is 
occurring (IPCC 2007). Climate change is likely to lead to an intensification of the global hydrological 
cycle and to have a major impact on regional water resources. In recent years, the potential impact of 
climate change on water resources and hydrology has gained considerable attention through 
numerous studies in many regions around the world. Hydrological models are often combined with 
climate scenarios generated from GCMs to produce possible scenarios of climate change effects on 
hydrology and water resources (e.g. Zhang et al. 2007, Boyer et al. 2010, Kienzle et al. 2012).  
 
Vietnam has experienced climate change including rising air temperatures and more variable 
precipitations. On average for the whole country, annual rainfall has decreased by approximately 2% 
and the annual temperature has increased by 0.5 to 0.7ºC over the past 50 years (1958 to 2007) 
(MONRE 2009). These changes have affected the availability of water resources in Vietnam. In this 
study, the objective is to evaluate the impact of climate change on water resources of the Srepok 
Watershed in Vietnam using the SWAT (Soil and Water Assessment Tool) hydrological model. For 
this purpose, plausible climate scenarios are developed from an ensemble of four GCMs based on 
the IPCC-AR4 database. The results achieved from this study could provide important information that 
decision-makers need in water resources planning and sustainable development. 

 
 
Methodology 
 
SWAT hydrological model 
The SWAT model is a physically based distributed model designed to predict the impact of land 
management practices on water, sediment, and agricultural chemical yields in large complex 
watersheds with varying soil, land-use, and management conditions, over long periods of time 
(Neitsch et al. 2011). With this model, a catchment is divided into a number of sub-watersheds or sub-
basins. Sub-basins are further partitioned into hydrological response units (HRUs) based on soil 
types, landuse, and slope classes, which allow a high level of spatial detail simulation. The model 
predicts the hydrology at each HRU using the water balance equation: comprising precipitation, 
surface runoff, evapo-transpiration, infiltration, and subsurface flow. Further details can be found in 
the SWAT Theoretical Documentation (Neitsch et al. 2011). The input data required for the SWAT 
model include meteorological data, a land-use map, soil map and digital elevation map (DEM). 
 
Climate change scenarios 
The GCMs are the primary source of data for use in the climate change impact assessment studies 
(Islam et al. 2012). Climate change scenarios were developed for three future periods (2010 to 2039, 
2040 to 2069, and 2070 to 2099) using an ensemble of four GCM simulations (CGCM3.1(T63), CM2.0, 
CM2.1, and HadCM3) driven by the A1B and B1 emission scenarios obtained from IPCC-AR4 (2007). 
The four GCM simulations were chosen based on statistical evaluation of GCM performance in 
reproducing historical rainfall for the Be River Catchment that is close the Srepok watershed (Khoi 
and Suetsugi 2012). 
 
The GCMs represent climate accurately at a global scale, but are inaccurate when simulating climate 
at regional scale (Boyer et al. 2010). In order to apply the GCMs on a regional scale and create future 
climate scenarios for local hydrological impact assessment, the delta change method was used to 
downscale GCM output to regional level. The delta change method has been widely used in previous 
climate change studies (Boyer et al. 2010, Kienzle et al. 2012). In essence, it modifies the observed 
historical time series by adding the difference between future and the baseline periods as simulated 
by a GCM. The differences are then added to the observed daily maximum and minimum 
temperatures during the baseline period while the ratio is applied to precipitation. 
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Results and discussions 
 
SWAT calibration and validation 
Calibration and validation efforts were performed to improve the model performance at main gauging 
stations. Figure 1 compares simulated and observed daily discharges for the calibration and validation 
periods at the Ban Don station. Good agreement can be seen between the simulated stream flow and 
the observed stream flow during these periods. This agreement is shown by NSE = 0.72 and PBIAS = 
-9.08% for the calibration period and NSE = 0.75 and PBIAS = -2.58% for validation period. Using 
aggregated monthly average stream flow values based on daily stream flow values improved the fit 
between simulated and observed values. This fit was indicated by NSE values of 0.82 and PBIAS 
values of -7.81 for calibration and NSE values of 0.90and PBIAS values of -2.87% for validation at the 
Ban Don station. Considering the goodness-of-fit statistics discussed above, it can be generally 
concluded that the SWAT model can simulate the stream flow reasonably well for the Srepok 
watershed using the calibrated parameters. 
 

(a) (b)  
Figure1. Observed and simulated hydrographs at the Ban Don outlet for (a) calibration and (b) 

validation periods 
 
Climate change scenarios 
Future climate conditions were determined using an ensemble of GCMs (CGCM3.1 (T63), CM2.0, 
CM2.1, and HadCM3) driven by the A1B and B1 emission scenarios. Analysis of temperature change 
indicates an obvious increase in future temperatures. The annual average temperature in the A1B 
scenario has a mean shift of 1.0ºC for the 2020s, 1.7ºC for the 2050s, and 2.5ºC for the 2080s, while 
the B1 shift is 0.8ºC in the 2020s, 1.3ºC in the 2050s, and 1.8ºC in the 2080s. The ensemble 
averages for all time periods indicate more warming from the mid-dry season to the early wet season. 
Averaged over all GCMs, the annual precipitation decreases by 0.4% in the 2020s and 2.5% in the 
2050s; and increases by 0.7% in the 2080s for the A1B scenario. By the B1 scenario, the precipitation 
decreases by 4.7% in the 2020s and1.9% in the 2050s, and increases by1.7% in the 2080s. There 
are many possible reasons for a precipitation decrease in the 2020s and 2050s but an increase in the 
2080s. However, they are most likely attributed to the GHG emission scenarios. In the dry season 
(November to April), precipitation significantly decreases within a range from 10.1 to 19.6% for the 
2020s, from 10.9 to 13.0% for the 2050s, and from 5.8 to 12.2% for the 2080s. In the wet season 
(May to October), the precipitation changes slightly, ranging from -1.4 to 1.9% in the 2020s, from -0.7 
to 0.6% in the 2050s, and from 2.9 to 3.4% in the 2080s. Changes in both temperature and 
precipitation are significant. 

 
Hydrological response to climate change 
Table 1 shows the changes in water balance components such as potential evapo-transpiration (PET), 
evapo-transpiration (ET), the amount of groundwater discharge (GW_Q), surface runoff (SURQ) and 
soil water content (SW) compared with the baseline periods. In general, the pattern of change in 
water balance components is determined mainly by changes in rainfall and temperature. 
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Table 1. Percent changes in water balance components under the impact of climate change 
 A1B scenario B1 scenario 

2020s 2050s 2080s 2020s 2050s 2080s 
PET 3.1 5.8 8.3 2.8 4.5 5.7 

ET 0.9 1.8 2.8 -1.0 0.4 2.8 

GW_Q -3.9 -12.5 -10.4 -10.8 -9.2 -3.8 

SURQ -3.8 -7.6 -0.6 -10.0 -3.5 3.5 

SW -5.6 -6.6 -8.0 -7.3 -5.1 -5.4 

 
Under the impact of climate change scenarios, the annual stream flow is predicted to decrease during 
the three future periods (see Figure 2). The decrease of annual discharge is 4.0, 10.0 and 5.7% for 
the A1B scenario and 10.3, 6.6 and 0.6% for the B1 scenario in the 2020s, 2050s and 2080s, 
respectively. The decreases of stream flow can be explained by increases in evapo-transpiration 
caused by the increase in temperature and decreases in precipitation. In the case of seasonal stream 
flow, the predicted stream flow decreases in a range from 1.2% to 8.3% and 6.3% to 9.5% in the wet 
season for the 2020s and 2050s, respectively. By the 2080s, the wet-season stream flow changes 
from -5.2 to 0.2%. In the dry season, the predicted stream flow decreases considerably varied from 
11.7% to 15.9%, 7.3 to 11.3% and 2.6% to 7.1% for the 2020s, 2050s and 2080s, respectively. In 
general, different seasons will present different stream flow change patterns. In addition, the seasonal 
stream flow change is not dramatic (less than ±20%) in the future. 
 

(a) (b)  
Figure 2. Changes in annual and seasonal stream flow for the (a) A1B and (b) B1 emission scenarios 

 
 
Conclusion 
 
The SWAT model was applied to simulate the hydrology under the impact of climate change in the 
Srepok watershed, Vietnam. The calibration and validation for stream flow simulation suggest that the 
SWAT model could simulate stream flow reasonably well for the catchment. The calibrated model can 
be used for investigating the impact of different climate change scenarios on stream flow.  
 
The major findings and conclusions can be summarized as follows: 

(1) Climate change scenarios (precipitation and temperature) were generated for the 2020s, 2050s 
and 2080s. The future annual temperature and precipitation changes suggested that the 
climate in this study area would generally become warmer and drier in the future.  

(2) Under the possible climate change, annual and wet-season stream flow would decrease slightly 
in the future while the dry-season stream flow would decrease rapidly. This would raise 
concerns regarding water shortages during the dry season in the future. 

 
In general, the stream flow in the Srepok watershed will not experience dramatic changes in the future 
according to this analysis. The results obtained in this study could be useful for planning and 
managing water resources in this region through enhancing the understanding of the impact of 
various climate change scenarios on water resources. 
 
 



 
Plenary Session 

39 
 

References  
 
Boyer, C., Chaumont, D., Chartier, I. and Roy, A.G. 2010. Impact of climate change on the hydrology 

of St. Lawrence tributaries. Journal of Hydrology 384:65–83. 
IPCC. 2007. The Physical Science Basis: Contribution of Working Group I to the Fourth Assessment 

Report of the Intergovernmental Panel on Climate Change. Cambridge University Press, 
Cambridge, UK. 

Islam, A., Sikka, A.K., Saha, B. and Singh, A. 2012.Streamflow response to climate change in the 
Brahmani River Basin, India. Water Resource Management 26:1409–1424. 

Khoi, D.N. and Suetsugi, T. 2012.Hydrologic response to climate change: a case study for the Be 
River Catchment, Vietnam. Journal of Water and Climate Change 3(3):207–224. 

Kienzle, S.W., Nemeth, M.W., Byrne, J.M. and MacDonald, R.J. 2012.Simulating the hydrological 
impacts of climate change in the upper North Saskatchewan River Basin, Alberta, Canada. 
Journal of Hydrology 412–413:76–89. 

MONRE. 2009. Climate Change, Sea Level Rise Scenarios for Vietnam. Vietnam Ministry of Natural 
Resources and Environment, Hanoi. 

Neitsch, A.L., Arnold, J.G., Kiniry, J.R. and Williams, J.R. 2011. Soil and Water Assessment Tool 
Theoretical Documentation Version 2009. Texas Water Resources Institute Technical Report 
No. 406. Texas A&M University, Texas. 

Zhang, X., Srinivasan, R. and Hao, F. 2007. Predicting hydrologic response to climate change in the 
Luohe River Basin using the SWAT model. Transactions of the ASABE 50(3):901–910. 

 
  



 

 

 



 

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

  

 
THEME I 

Forest Hydrology  
and  

Climate Change 
 



 

 



 
Theme I 

43 
 

Climate Change Impact on Forests with Implications on Hydrology in the 
Western Ghats Region, India 

 
K.D. Sharma 

Greenfield Eco Solutions Private Limited 
11/895 Nandan Van, Jodhpur 342008 

India 
Email: admin@greenfieldeco.com 

 
 
The Intergovernmental Panel on Climate Change (IPCC) has concluded that the impact of human 
activities on climate is unequivocal (IPCC 2007). Consequently, there is now a growing recognition of 
the vulnerability of key sectors of economy such as agriculture, forests, human health and water 
resources due to climate change. Further, the impact assessments made at shorter timelines of 15–
25 years are useful, as these could be utilized to develop adaptation and mitigation strategies during 
a foreseeable future. 
 
The description of the extent and location of Western Ghats Region is taken from literature. These 
hills cover about 160,000 km2 and form the catchment for a complex of river systems that drain about 
40% of the country. The climate is humid and tropical in the lower reaches, tempered by the proximity 
to the sea. Average annual temperature is about 15ºC; annual rainfall averages 3000–4000 mm in the 
western region and about 1000 mm in the eastern region. The area is one of the world’s ten hottest 
biodiversity hotspots. About 25% area is under forest which has been selectively logged and highly 
fragmented. Much of the forest cover consists of timber plantations and disturbed secondary growth 
(FSI 2009). 
     
 
Methodology 
 
The climate change scenarios have been derived from a version of HadRM3 developed by the Hadley 
Center, UK with a resolution of 50 km X 50 km. The chosen timeline is 2030s which is the average of 
the period between 2021 and 2050; the baseline is 1970s (average of the period from 1961 to 1990s). 
 
The impact of climate change on forest vegetation and Net Primary Productivity (NPP) is based on 
review of literature and a dynamic vegetation mode IBIS driven by the climate change scenarios 
generated for the assessment. Water yield and hydrological budget components such as rainfall, 
evapo-transpiration (ET) and sediment yield were obtained through simulation of runoff in all the river 
basins in the region using SWAT – A Soil and Water Assessment Tool, driven by climate scenarios 
generated as a part of the assessment. However, uncertainty in modeling and data gaps pose 
challenges of these assessments. 
 
     
Results and discussions 
 
Temperature 
The mean annual temperature is likely to increase to 26.8±0.4ºC – 27.5±0.4ºC during 2030s. The rise 
in temperature with respect to the 1970s will be between 1.7ºC and 1.8ºC. Temperatures are also 
projected to rise for all the seasons. Minimum temperature may rise by 2.0ºC to 4.5ºC whereas the 
maximum temperature will rise by 1ºC to 3ºC. 
 
Precipitation 
The mean annual rainfall will vary between 935±185 mm and 1794±247 mm, which is an increase of 
6–8%, with respect to the 1970s. The number of rainy days will decrease, however the intensity of 
rainfall will increase by 1–2 mm/day. Table 1 depicts the characteristics of simulated seasonal and 
annual rainfall and mean temperature in the West Coast of India. 
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Table 1. Characteristics of simulated seasonal and annual rainfall, and mean temperature on West 
Coast of India 

Year Mean Rainfall (mm) Mean Temperature (ºC) 
Seasonal (JJAS) Annual Seasonal(JJAS) Annual 

1970s 742–1443 866–1674 24.4–25.4 25.1–25.5 
2030s 808–1561 935–1762 26.0–27.0 26.8–27.5 

 
Forests 
It has been concluded that the forest vegetation encountered in the region is moderately vulnerable to 
the projected climate change. The entire Western Ghats Region is covered by 54 forest grids, out of 
which 10 (18%) are projected to undergo change during the 2030s. This is because the future climate 
may not be optimal to the current vegetation in those places. Shifts in forest boundary, changes in 
species-assemblage or forest types, change in net primary productivity, possible forest die-back in the 
transient phase, and potential loss or change in biodiversity could be impacts of climate change in the 
region (Ravindranath et al. 2006). It is projected that most of the forest biomes will be highly 
vulnerable to the projected change in climate and about 70% of the vegetation is likely to find itself 
less than optimally adapted to its existing location, making it more vulnerable to the adverse climatic 
conditions as well as to the increased biotic stresses, as a sizable population lives off the forest 
products in the region. The NPP of the region is projected to increase by about 20% due to enhanced 
levels of CO2. 
 
Water Resources 
The Western Ghats Region exhibits wide variability in water yield during 2030s as a result of projected 
changes in temperature, precipitation and forest vegetation (Gosain et al. 2006). The northern portion 
shows a decrease in the water yield, ranging from 10–50% during 2030s with respect to 1970s. The 
central portion, however, indicates an increase in the water yield between 5 and 20%. The southern 
portion shows a decrease in the water yield up to 10%. In general, the region shows reduction in ET 
from negligible to about 5% for the 2030s scenario. Further, the region also shows increase in 
sediment yield up to 25%, possibly, due to an increase in the intensity of precipitation, and changes in 
forest vegetation and appearance of degraded/bare patches of ground within the forested area. 
 
Way Forward 
It is worthwhile to make a pan-Indian regional assessment for impact of climate change on all 
economic activities, which are sensitive to climate, for informed policy making at all levels. This will, in 
turn, help develop action plans for mitigation and adaptation to climate change. These assessments 
could be done for the short-, medium- and long-term periods, taking into account the requirements of 
planning for a perceptible future in the short-term and the nature of climate change issues, which are 
long-term.     
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Climate change will affect water availability – quantity, quality, timing, and distribution and other 
watershed services. Projected changes in temperature and precipitation will have a strong influence 
on watershed hydrology. Subsequent changes in watershed hydrology will have important 
implications for agriculture, forestry, recreation, hydroelectric power, and water resources. It is 
predicted that climate change will alter the spatial and temporal patterns of precipitation and evapo-
transpiration which will result in changes in the recharge and runoff patterns affecting the spatial and 
temporal availability of surface and ground water. It is further predicted that hydrological extremes 
(floods and droughts) will increase in intensity, frequency, and magnitude, because of climate change. 
Increased temperatures are also expected to cause glacial retreat and rise in sea water levels. 
 
Water resources are sensitive to climate change. Hydrological cycle is a thermally driven system and 
temperature changes will influence the hydrological processes in a many direct and indirect ways. A 
warmer climate may lead to intensification of the hydrological cycle, resulting in higher rates of 
evaporation and increase of liquid precipitation. These processes, in association with a shifting 
pattern of precipitation, may affect the spatial and temporal distribution of runoff, soil moisture, 
groundwater reserves, and may increase the frequency of droughts and floods. Although the future 
climatic change will have its impact globally but these are likely to be felt severely in developing 
countries with agrarian economies, such as India. Surging population, increasing industrialization and 
associated demands for freshwater, food and energy, would be areas of concern in the changing 
climate scenarios. Increase in extreme climatic events will be of great consequence owing to the high 
vulnerability of the region to these changes.  

 
Impacts of climate change on water resources are attracting the attention of many investigators. It is 
expected that changes in average climatic parameters, particularly temperature and rainfall, will 
significantly affect the availability of water resources in the future. Hydrologic simulations indicate that 
streamflow and evapo-transpiration reflect variations in precipitation differently. Positive trends in 
precipitation result in an increase in surface and groundwater resources, while evapotranspiration is 
only affected slightly due to the higher soil moisture in the basin. Comparisons of the impacts of the 
precipitation trend on surface and groundwater resources showed that the groundwater system is 
affected less by climate change (Liuzzo et al. 2010). In addition, runoff variability in arid and semi-arid 
regions is more sensitive to climate change conditions than runoff in humid regions (Bates et al. 
2008). Also, areas that are located in low latitudes, due to likely significant decrease in precipitation, 
will mostly suffer negative consequences of this phenomenon. Thus, those areas would not be 
immune to the effects of climate change, making it necessary to devote more attention to this 
phenomenon and its adverse effects in future adaptive measures. 

 
It is likely that the frequency of floods and droughts will increase during 21st century due to projected 
climate change. Changes in the amount patterns and intensity of rainfall would affect stream flow and 
the demand for water. According to the national report to the United Nations Framework Convention 
on Climate Change (UNFCCC), the global climate change is likely to result in severe droughts and 
floods in India – and have major impacts on human health and food supplies. High flood levels can 
cause substantial damage to key economic sectors: agriculture, infrastructure and housing. Although 
floods affect people of all socio-economic status, the rural and urban poor are hardest hit. Flood and 
drought management schemes have to be planned keeping in view the expected increase in severity. 
It would be prudent to incorporate possible effects of climate changes in the design and management 
of water resources systems. The high magnitude floods are likely to bring more sediment. The design 
and management of both structural and non-structural water-resource systems should allow for the 
possible impacts of climate change.  
 
Groundwater is the principle source of drinking water in the rural areas; about 85% of the rural water 
supply in India is dependent on it. Impact of climate changes on the ground water regime is also 
expected to be severe. The projected climate change resulting in warming, sea level rise and melting 
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of glaciers will adversely affect the quality of ground water along the coastal plains. Climate change is 
likely to affect ground water due to changes in precipitation and evapo-transpiration. Rising sea levels 
may lead to increased salinity intrusion into coastal and island aquifers, while increased frequency 
and severity of floods may affect groundwater quality in alluvial aquifers. Increased rainfall intensity 
may lead to higher runoff and possibly reduced recharge. 

 
The Himalayan region, including the Tibetan Plateau, has shown consistent trends in overall warming 
during the past 100 years (Yao et al. 2007). Various studies suggest that warming in the Himalayas 
has been much greater than the global average of 0.74ºC over the last 100 years (IPCC 2007). Long-
term trends in the maximum, minimum and mean temperatures over the north western Himalaya 
during the 20th century (Bhutiyani et al. 2007) suggest a significant rise in air temperature in the north 
western Himalaya, with winter warming occurring at a faster rate. Global warming has resulted in 
large-scale retreat of glaciers throughout the world. This has led to glaciers in the mountainous 
regions such as the Himalayas to recede during the last century and influence run-off of Himalayan 
Rivers.  
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Effects of water stress (prolong draught period) and water logged (flooded condition) on Artocarpus 
chaplasha, a dominant forest tree species of Bangladesh, were investigated applying climate change 
scenarios for future under artificial environment through experimentations. The experiments were laid 
out with the following treatments: water deficit (2 ml, 5 ml, 10 ml, 15 ml: control) and waterlogged (15 
ml: control, 300 ml, 400 ml, 500 ml), and applying climate change scenarios prescribed by IPCC 
(2007) particularly with temperatures (existing temperature with +1.6ºC, +2.7ºC, +4.0ºC) using 
growth chambers. The results revealed that the leaf angle and leaf area of A. chaplasha were 
significantly affected by different elevated temperature scenarios with water stresses. Leaf angle of 
the seedlings under high elevated temperature decreases very sharply and the adaptive mechanism, 
i.e. starts widening earlier than other temperature scenarios with stated water stresses. However, 
results revealed that seedlings attain large leaf area in water logged condition followed by normal 
water and water deficit treatments. This may be due to availability of abundant water. The results 
conclude that Artocarpus chaplasha may be able to resist climate change induced stresses 
through adopting several modifications in its physiological processes. This species however, while 
will grow luxuriously in the near future (2030 to 2050), may not be good enough for 2100 and 
beyond. Its intolerance of stated stresses may result in stunted growth. 
 
 
Introduction 
 
Plant function is inextricably linked to climate and atmospheric carbon dioxide concentration. 
Climate change affects several key determinants of plant growth: atmospheric CO2, temperature, 
water availability; and a l s o  the inter-reactions between these factors. Micro-climate affects 
the plant’s immediate environment and so directly influences physiological processes. However, it is 
predicted that prolonged floods would severely affect growth of many timber species, while it would 
cause high incidence of mortality for Artocarpus species (MoEF 2005). Adaptation entails efforts to 
deal (or cope) with the unavoidable impacts of climate change (due to the failure of mitigation 
efforts). Therefore, a need may exist to address the adaptive responses of Artocarpus chaplasha 
and recommend steps need to be taken for collection, conservation and management programmes 
for future vulnerable adverse climates. 
 
 
Methodology 
 
The treatments used in the experiments are: water deficit (2 ml, 5 ml, 10 ml, 15 ml: normal), 
waterlogged (15 ml: normal, 300 ml, 400 ml, 500 ml) with elevated temperatures as IPCC (2007) 
suggested (existing temperature with +1.6º, +2.7º, +4.0º). Three different water quantities of 2 ml, 5 
ml and 10 ml were sprinkled to the sample seedlings for testing the growth of A. chaplasha in water 
stress condition for 17 weeks in growth chambers. To investigate the growth of A. chaplasha in water 
logged condition, 300 ml, 400 ml and 500 ml of water were sprinkled to the other set of sample 
seedlings. The affect of treatments (water stress and water logged compared to normal with existing 
and different elevated temperatures) on A. chaplasha were assessed through two adaptive 
parameters: leaf angle and leaf area, which are k n o w n  t o  show adaptive response of plants 
very efficiently (Kummerrow 1980).  
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The following parameters were assessed: 
 

Leaf angle:   A protractor was used for leaf angle measurement. Data of leaf angles were 
recorded at every seven-day interval and continued for up to 17 weeks. 

Leaf area:  Leaf area was measured by using a planimeter. The following formulae 
were used for calculating leaf area: 

 
Area Calibration Constant (ACC) = Known area / Tracing result of known area. 

   Actual area of the unknown specimen = Tracing result of unknown object × ACC. 
 

 
Statistical analysis was done by using statistical software Minitab 2002 version 13.2. 
 
 
Results and discussions 
 
Leaf angle: Figure 1 shows physiological stresses for water under different temperature scenarios to 
accommodate less evapo-transpiration in the course of time (x axis: weeks) 

 
Figure 1. Leaf angle response of A. chaplasha under water deficit in different temperature scenarios 

 

 
Figure 2. Leaf angle response of A. chaplasha under water logged in different temperature scenarios 

 
The observed results in the leaf angle responses of the seedlings which were with water deficit 
and logged treatment (Figures 1 and 2) depicted that within 9 to 10 weeks the seedlings started 
its adaptation mechanism for minimum utilization of water and consequently, the leaf angle again 
starts widening but the rate was significantly lesser than its early growth period. Similar response was 
found in low and mid elevated temperature scenarios, except that seedlings under water deficit 
treatment show a decreasing tendency in its angle of leaves compared to the others. The result 
suggested that combination of elevated temperature and water stress, may affect the growth and 
yield of A. chaplasha and the species may not be able to thrive in the adverse environment 
compared to other stresses. Table 1 illustrates that leaf angle of A. chaplasha was significantly 
affected by different elevated temperatures, waters stress and waterlogged conditions. Bradford and 
Hsiao (1982) found under water logging condition, not only the main petiole change in angle, but 
each leaflet also assumes a more vertical orientation. This reduces the horizontal surface area for 
light interception and the heat load. Epinasty and partial stomatal closure may act together to restrict 
water loss soon after water logging. 
 
  



 
Theme I 

49 
 

Table 1. ANOVA for leaf angle and leaf area responses of Artocarpus chaplasha 
Sources of variation F 

Effect of elevated temperature and water stress on leaf angle of seedling 41.64 *** 

Effect of elevated temperature and water logged on leaf angle of seedling 48.37 *** 

Effect of elevated temperature and water logged on leaf area of seedlings 6.81 *** 

*** indicates high level of significance 
 
Leaf area: Adaptive responses of leaf area were observed within the seedlings under water stress 
and water logged treatments (Figures 3 and 4). Leaf area of A. chaplasha was larger under water 
logged condition in different temperature scenarios followed by normal water and water deficit 
treatments. Turner (1979) reported that water stress reduces leaf area by accelerating the rate of 
senescence of the physiologically older leaves and through its effect on leaf shedding. The 
result indicates that adaptive response in leaf area of A. chaplasha may increase in near future but 
in the long run A. chaplasha may not be able to adapt under extreme temperatures and 
development of leaf area of the species may decrease. Table 1 describes that leaf area of seedlings 
of Artocarpus chaplasha was significantly affected by different elevated temperatures and water 
logged condition. However, seedlings under water stress in different temperatures do not show any 
significant difference.  Begg (1980) suggested that reduction in leaf area is one of the most important 
consequences of the sensitivity of cell growth to water deficits, and leaf growth is generally more 
sensitive to water stress than stomatal conductance and carbon dioxide assimilation. Similar results 
were also suggested by Nautiyal et al. (1993) and Rahman et al. (2004). 
 

 
 

Figure 3. Leaf area response of A. chaplasha under water stress in different temperature scenarios 
 

 
 
Figure 4. Leaf area response of A. chaplasha under water logged in different temperature scenarios 
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Conclusion 
 
The study has explored a range of stress factors that influence forest tree species and forest 
ecosystem. The study concluded that seedlings of Artocarpus chaplasha may not only adapt with the 
water stress condition (draught and flood) imposed by future changing climate but also achieve 
better growth in near future like 2030 to 2050. This situation demands that the seedlings of 
Artocarpus chaplasha may show their adaptive tolerance and develop adaptive mechanism through 
their physiological processes. However, in the long run (2100) the species showed an adaptation 
mechanism in very early stage of their life span and may survive but develop into a bushy shape. 
Finally, the result concludes that for overall condition Artocarpus chaplasha may be suitable for 
plantation in near future like 2030 to 2050 but not for the next century unless technological 
interventions like gene grafting could be incorporated. 
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Little Andaman is a standalone island in the southern part of Indian Union Territory of Andaman & 
Nicobar Islands, with rich forest ecosystem and is the habitat of the native tribal community ‘Onges’ 
(Ganeshamurthy et al. 1987).  It has been devastated during the 2004 tsunami and is susceptible to 
climatic disasters in the near future. Though there is heavy rainfall (2020 mm to 3774 mm) spreading 
over about 170 days each year, the water retaining capacity is very poor due to which runoff is heavy. 
However in serpentine series, the soil has very good internal drainage and covered by luxuriant 
growth of evergreen forests, which often become sources of perennial supply of fresh water. The 
perennial streams located near agriculture farms, South Bay tribal settlements and the waterfalls, 
serve as the fresh water supply in the island (Pandien 2011). This study mainly focus on 
understanding how the annual runoff might differ across catchments of different forest cover types, as 
well as emphasises specifically how differences in forest cover might lead to changes in pre- and 
post-monsoon stream flows and water quality, which is of great relevance to hydrological parameters 
under changed climate scenario (Hamilton 2008). 
 
 
Methodology 
 
A total of 45 locations have been identified to measure discharge using area-velocity method, water 
samples have also been collected and analysed onsite using Rugged Field Kit (Hach Make).Velocity 
of river has been measured by using ADC and outlet discharges measured by using composite weir 
as well as ADC for almost all the creeks. Water samples collected from different hotpots have been 
analysed at the laboratory of School of Water Resources Engineering, Jadavpur University. Surfer 8.0 
and Quantum GIS 1.8.0, softwares have been used to generate all the maps related to forest 
hydrologic components. 
 
The climate change data for two major scenarios (A2 and B2) were collected from the Indian Institute 
of Tropical Meteorology (IITM), Pune. The primary data on runoff and rate of ingress of sea water has 
been collected through field survey by using simple depth area method. The slope has been recorded 
using a Gramin GPS 70S model. The vulnerability of the area was predicted by calculating the 
Environmental Vulnerability Index (EVI) using the EVI calculator available in the official website of 
South Pacific Applied Geo-science Commission (SOPAC). Special care was taken to study the 
hydrological needs of the indigenous tribes (Onges) of Little Andaman residing in the Dugong creek.  
 
 
Results and discussion 
 
Precipitation: The precipitation has been calculated from baseline data of 1960 to 1990 and predicted 
data of 2071 to 2100, whereas the present data is calculated by considering the period of 2000 to 
2011. The average annual rainfall of 3533 mm is observed against baseline scenario followed by the 
present rainfall as 2641 mm which is 25% less than the baseline data. About 85% of rainfall occurred 
during monsoon in the case of baseline scenario whereas the present rainfall is found to be 75%. The 
maximum rainfall is observed during the months of May–June. The rainfall value of A2 scenario is 
more than the B2 scenario but the non-monsoonal rainfall value of 16% of total in case of A2 is higher 
than the B2 scenario: 10% as calculated predicted data.   
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Box: Climate Change Scenarios 
A1 A2 

• Rapid economic growth. 
• A global population that reaches 9 billion in 2050 and 

then gradually declines.  
• The quick spread of new and efficient technologies.  
• A convergent world - income and way of life converge 

between regions.  
• Extensive social and cultural interactions worldwide.  

• A world of independently operating, self-reliant 
nations.  

• Continuously increasing population.  
• Regionally oriented economic development.  
• Slower and more fragmented technological 

changes and improvements to per capita income.  
 

B1 B2 
• Rapid economic growth as in A1, but with rapid 

changes towards a service and information economy. 
• Population rising to 9 billion in 2050 and then 

declining as in A1.  
• Reductions in material intensity and the introduction 

of clean and resource efficient technologies.  
• An emphasis on global solutions to economic, social 

and environmental stability. 

• Continuously increasing population, but at a 
slower rate than in A2.  

• Emphasis on local rather than global solutions to 
economic, social and environmental stability.  

• Intermediate levels of economic development.  
• Less rapid and more fragmented technological 

change than in A1 and B1. 

 

  
 

  
 
Runoff: Runoff in the catchment was minimum during months of March–April and maximum during the 
months of July–August. Discharge of stream remained negligible for a period of three months from 
February to April. In terms of runoff per unit area, maximum annual average runoffs for A2 and B2 
scenario were found to be 2630 mm and 2323 mm, respectively. About 84–90% of total rainfall is 
converted to surface runoff from both A2 and B2 scenario during monsoon whereas the runoff is 
produced about 10–15% during non-monsoon. The losses such as infiltration, evaporation and 
transpiration with initial storage during monsoon are found to be lesser than that of other periods. But 
in totality, about 60% of total rainfall is converted to surface runoff. 
 
Hydrograph analysis: The results showed that the peak value of average hydrograph was about 48% 
for the last twelve years, and this had increased compared to the individual dry year of 2009. It may 
also be stated that the magnitude of peak discharge increases at a higher order and decreases with 
the same amount and vis-à-vis. The results also highlighted that the projected discharge found using 
A2 and B2 scenarios hydrographs have been established to quantify the total water available under 
changed climate.     
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Environmental Vulnerability Index (EVI): The EVI of Little Andaman Island has been calculated as 378 
(Figure 1) which imply that the island is extremely vulnerable to the effects of climate change. This 
value is rather close to the EVI of India (385) which was calculated by SOPAC. The EVI values are 
extremely helpful as it reflects the extent to which the natural environment of an area is prone to 
damage and degradation (Watson et al. 1996). This exercise gives an immediate visual 
representation (shown below) of what the most important vulnerability issues are for the environment. 
In Little Andaman the most significant vulnerability issues are dry periods, lowlands, openness, 
species that are endemic, endangered and near extinction (Dugong - a marine mammal), forest cover, 
degradation due to hazards, air pollution, population and the coast itself.  However Little Andaman 
Island is resilient to issues like farming, water availability, sea contamination through spills and 
conflicts. The values of the sub indices indicate that the highest threat is to biodiversity with an EVI of 
4.47/ 7, Water 3.38/7, Fisheries 3.47/7 and exposure to natural hazards 3.09/7. However it is clear 
from the assessment that Little Andaman being a small island open at all sides is prone to climate 
hazards due to sea level rise, temperature rise or extreme weather events. The forest cover is slowly 
depleting with the increasing population pressure and so are the resources. Increases in the number 
of vehicle, and waste management, are issues linked to anthropogenic pollution leading to vulnerable 
conditions for endemic species (Olmos 2001).  
 

 
Figure 1. Calculation of EVI of Little Andaman 
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Climate variability over the past half-century is likely to have major effects on water quantity and 
timing of discharge from forests, some of these effects are already evident. In the future scenario 
many river basins are likely to experience changes not only in hydrology, but it will also lead to 
increase in frequency of extreme hydrological events such as floods in basins due to outburst of 
glacier lakes (Gain et al. 2011, Immerzeel et al. 2011). Climate change effects on forests will occur 
through: (1) direct effects on precipitation type, snowmelt timing, and amount of precipitation; (2) 
indirect effects on disturbances in forests, including fire, wind, insects, and pests; and (3) indirect 
effects on vegetation species range including both natives and exotics.  
 
A number of modeling studies have investigated hydrologic effects of climate change at large 
watershed, regional, national, and global scales (Barnett et al. 2004). Simulated future climate models 
for the river basin indicated a shift in the timing of water availability due to reduction in permafrost 
areas, earlier snowmelt, and higher evapotranspiration in early summer, and earlier spring peak flows, 
leading to reductions in later months from August-September runoff volumes (Lieth and Whitfield 
1998, Dettinger et al. 2004). These changes are expected to exacerbate conflicts among energy 
production, irrigation, and recreational uses over limited dry season river flows. Simulated hydrologic 
effects of climate change have also predicted the change in distribution and extirpation of many 
species including micro and macro species (Hansen et al. 2001).The indirect and interacting effects of 
climate change such as forest fire, widespread outbreak of invasive species infestation, and forest 
disturbance, may also affect water yield and quality in forest river basin or catchment area (Aber et al. 
1995).  
 
In addition, climate change is expected to alter forest productivity and species composition. As per the 
study in the ICFRE publication Forest Types of India: Revisited (2013), the forest species composition 
is changing in many areas of North-Western Himalayas and in the Hill States of North East India. 
Studies have indicated that by altering the productivity and species composition of forests, climate 
change may indirectly modify water quantity and quality. 
 
The analysis of the climatic data from 1901 to 2009 suggests that annual mean temperature of India 
has risen by 0.56ºC, but during the period 1931–60 and 1961–90 steady rises in the temperature in 
most of the regions ranging between 0.2º to 1.0ºC was recorded. Of the 88 metrological stations 
which are scattered to the spatial extents of the country, 42 stations have shown reduction in the 
rainfall during the period 1961–1990 as compared to the previous thirty years with the variation 
ranging between 10 to 20% within the stations. These changes will drastically affect the physiology of 
the plants thus changing the evapotranspiration rate which will have greater consequences on the 
forest hydrology (Barnett et al. 2004). Studies have reveals that many forests are moving towards 
drier conditions, particularly the temperate forests. 
 
The watersheds are critical catchments that regulate hydrological flows to some of the world's most 
densely populated agricultural lands and cities. As an adaption, the Sustainable Land and Ecosystem 
Management (SLEM) activities related to integrated watershed management and ground water 
recharge can play vital role in maintenance of hydrological flow in forest areas, as well as, agricultural 
lands. Adoptions and mainstreaming of SLEM approaches on watershed or landscape basis and river 
basins treatment are likely to effect the carbon sequestration in forest areas, and to mitigate the 
impacts such as floods and droughts due to climate variability/change. 
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Methodology 
 
Watershed management for the long term sustainability under SLEM project 
Studies have indicated that climate change is likely to have both direct as well as indirect effects on 
water resources in India and elsewhere (Brain et al. 2004, Sun et al. 2008). The direct effects on 
water resources will depend upon how climate change alters the amount and timing of precipitation 
and how this influences the baseflow, streamflow, groundwater recharge, forest hydrology and the 
floods. Long term studies conducted in different parts of the world suggested increase in average 
annual streamflow which is linked to the greater precipitations (IPCC 2007). The major river systems 
of the Indian subcontinent: Brahmaputra, Ganga and Indus, which originate in the Himalayas, are 
expected to be vulnerable to climate change because of the substantial contribution from snow and 
glaciers into these river systems.  
 
Due to climate change, the increasing temperature caused increased plant water usage via 
transpiration and evaporation, and hence resulting in decrease in residual precipitation available for 
streamflow or groundwater recharge. The increasing CO2 concentration typically decreases stomatal 
aperture in plants (Beerling 1996, Prentice and Harrison 2009). The warmer temperature will also 
influence the duration and timing of snowmelt, which is critical factors for ecosystems since, snowmelt 
influences the hydrologic processes. Due to effect of climate warming the physiology of plants also 
gets effected which will in long run results in shifts in tree species composition as well as distribution 
in forest ecosystems. Studies have proved that the water use differs significantly among the tree 
species. The shift from deciduous hardwood to evergreen conifer forests may results in greater water 
use by evergreen conifer forests due to year round transpiration and interceptions loss (Stoy et al. 
2006).  
 
The vulnerability of the Indian Subcontinent to the impact of changing climate is of vital importance 
because the major impact of climate change in this continent would be on the hydrology, affecting 
water resources and agricultural economy. However, very little work has been carried out in India 
where the impact of climate change on hydrology was studied. The current understanding about the 
impacts of climate change on forest ecosystems is largely based on the studies conducted on 
watershed management in United States (Moran et al. 2008).Today the forest land managers are 
facing the challenges of how to manage forests to adapt and to mitigate the effects of the future 
climate change on a variety of ecosystem services. Since the management activities implemented on 
forest ecosystems today will influence ecosystem responses to future climate change. So the 
managers of the natural resources require new insights into management implications and potentially 
new approaches to silviculture and other management practices (Vose et al. 2011).  
 
 
Results and discussion 
 
Forest management for maintaining the hydrological regime through SLEM interventions  
The best forest management practices have the potential to alter the hydrological responses to 
climate change by influencing biological factors that determine the evapotranspiration and the 
physical characteristics of the watershed. Under the Sustainable Land and Ecosystem Management- 
Country Partnership Programme (SLEM-CPP) various activities were carried out by the project 
partners for the watershed management with respect to soil and water conservation. The intervention 
under the watershed management will necessarily help in combating the climatic viabilities. The 
project wise management activities carried out by the SLEM project partners for the watershed 
management are given below: 
 
Project 1: Sustainable Land, Water and Biodiversity Conservation and Management for 
improved Livelihoods in Uttarakhand Decentralized Watershed Management 
Under the project, 20 mini-watersheds were selected for the treatment; and the following efforts were 
made to maintain the hydrology regime, soil conservation and to control land degradation: 1). 491 
vegetative check dams or the brush wood check dams were constructed; 2). 21 182.98 cu m dry 
stone check dams were constructed in catchment of the nallahs; 3). About 89 130 contour trenches 
have been dug; 4). In total 10 675.05 cu m diversion drains and about 8630.25 cu m of cross barrier 
(cement, crate wire and dry) and retaining wall (cement, crate wire and dry) have also been 
constructed for maintaining the water availability during the water stress time of the year. For the river 
bank protection, crate wire (18 988.08 cu m), bonded wall (944.84 cu m), mortar work (4082.92 cu m) 
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and crate wire spur construction works (1939.18 cu m) were carried out. Due to various drainage line 
treatment and soil and moisture conservation works, an area of 182 ha of agricultural land of the 
watersheds has been protected and a soil loss of 93 371 tons was reduced (Annual Report 2012–13). 
So far, forest plantation has been established on 830 ha of land, and aided natural regeneration of 
oak carried out on 115 ha of forest areas under afforestation.   
 
Project 2: Integrated Land and Ecosystem Management to Combat Land Degradation and 
Deforestation in Madhya Pradesh 
Under the objective of sustainable watershed management of forest with high conservation values 
and non-forest land, an area of 3000 ha has been treated with various soil and water conservation 
measures. These include the construction of vegetative, brushwood and crate wire check dams, 
contour trenches, and establishing plantations of various species such as bamboo, amla, mohua, 
neem, for the overall improvement to watershed (Annual Report 2012–13). A lot of carbon 
sequestration has taken place in the project areas due to the various activities taken up by the project, 
which results in curbing green house gases and hence achieving climate change mitigation.  
 
The watershed treatments activities carried out under the project will help in regulating the 
hydrological regime and to combat climate variability. Hansen et al. (2001) and Moran et al. (2008) 
presented various significant hydrological alternations in the forested watersheds which were climate 
change induced. Vose et al. (2012) suggested that watershed treatment is an effective management 
intervention to mitigate the climate change effects on forest water resources.  
 
The watershed treatment activities such as afforestation will play significant role in maintaining the 
hydrology by preventing soil erosion and land degradation, apart from carbon sequestration and 
climate change mitigation. The forested watersheds of the Himalayan regions are highly vulnerable to 
threats posed by rapid glacier melt and can lead to drastic changes in hydrological regime of the 
forest by way of high runoff during early summer and low discharge during later half of the year 
(Gosain et al. 2006). For example recent floods in Gharwal region of Uttarakhand may have 
drastically altered the hydrological regime of many watersheds of the regions. It is imperative to 
develop adaptation strategies to combat climate change with respect to forest hydrology since water 
regime in forest plays significant role in long term sustainability of forest and the associated ecological 
services.    
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The fourth assessment report of Intergovernmental Panel on Climate Change (IPCC) affirms that 
developing countries are the most at risk of being severely affected by climate change. The report 
concludes that billions of people will face shortage of both water and food, and greater life’s threats, 
and also predicts that 75 and 250 million people will be exposed to increased water stress due to 
climate change over the next decades (IPCC 2007, UN-Water 2012). Projected changes in climate 
and associated adverse impacts on food and water security may disturb existing social-cohesion and 
lead to induced social and political conflicts mainly in developing and poor countries. Therefore, it is 
necessary to assess current state of water vulnerability due to climate change; develop coping 
strategies; and lobby for its effective implementation.  
 
Water vulnerability assessment demands more realistic, precise and clear approach especially in 
water insecure regions of developing countries (Ndaruzaniye 2011). Vulnerability, in general, is 
expressed as a function of the system’s exposure, sensitivity, and adaptive capacity (IPCC 2007). 
Measuring the three components (exposure, sensitivity and adaptive capacity) is the most 
challenging. Approaches as well as indicators may vary depending upon system under consideration, 
location of study area as well as other factors. Top-down approach revolves around modeling led by 
engineering sciences without involving community’s perception. Bottom-up approach based on 
human dimension, however, lacks the support of innovative scientific ideas and technical aspects of 
water vulnerability (Gober and Kirkwood 2010). Moreover, it has been argued that the changes and 
variations in climate system cannot be analyzed without consideration of the human systems, as it is 
the interplay of both natural and human systems that result in biophysical and socioeconomic impacts 
(Madu 2012). The bottom-up approach leads to formulation of targeted assistance in helping the rural 
poor to adapt to climate change (Huq 2007, Lemos et al. 2007) through combining individual 
responses for identifying appropriate feasible and practical adaptation strategies (Smit and Wandel 
2006).  
 
Water vulnerability assessment is not a new theme in research arena. Several studies across the 
globe at different scales have shed light on the theme (Vörösmarty et al. 2000, Hamouda 2009, Gober 
and Kirkwood 2010, Pandey et al. 2010, Sullivan 2011). However, water vulnerability due to climate 
change at household level, especially at rural settings of mountainous region, has been of low priority 
so far. The methodologies appropriate at higher levels may not fit directly to household level because 
of the characteristics and determinants of vulnerability at that level are entirely different than at river 
basin and/or national level.  
 
This study introduces Climate Vulnerability Index for water (CVIW) and demonstrates its applicability 
with cases of households in the mountainous region of Uttrakhand Himalays, India. The CVIW is 
based on IPCC approach of vulnerability assessment and provides a realistic approach to recognize 
social and natural factors contributing to water vulnerability due to climate change water vulnerability 
at the household level.  
 
 
Methodology 
 
Climate Vulnerability Index for Water (CVIW) was developed and applied at households in the 
mountainous region of Uttarkhand Himalayas, India. CVIW comprises of 13 major components: socio-
demographic profile, livelihood strategies, adjustment in cultivation, and adjustment to water 
resources to livelihood strategies, social network, health, water quality, food, water, natural resource 
access, natural resource scarcity, climate impacts and climate variability. These major-components 
were classified as per the dimensions of vulnerability such as exposure (Exp), sensitivity (Sen) and 
adaptive capacity (Adp.Cap). These three dimensions include ‘adaptive capability’ (socio-
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demographic profile, livelihood strategies, social networks, adjustment in cultivation, adjustment to 
water resources to livelihood strategies), ‘sensitivity’ (health, water quality, food, food insufficiency, 
water) and ‘exposure’ (natural resources, climate impacts and climate variability).  
 
Indicator-based approach was used to assess each component of the index, and composite-index 
approach with equal weight was adopted to estimate index values. The indicators for major and sub-
components were identified and selected based on interactions with the peers as well as prominent 
people of the region. In deductive approach, as was also suggested by Gain et al. (2012) concepts 
need to be operationalized in order to test variables empirically. First, to create an understanding of 
the investigated phenomena and the processes involved; second, to identify the main processes to be 
included in the study; and, finally, to select the best possible indicators for these factors and 
processes (Adger et al. 2004). 
 
The composite index was calculated from normalized indicators. Indicators were normalized/ 
standardized using min-max approach as shown below;  

Indexsd =
Sd, v −Smin

Smax −Smin

 

 
where, Sd,v is the value of sub-component indicator for vth household, and Smax and Smin are the 
maximum and minimum values of the indicator among the households considered.  
 
After normalization/standardization, each major component (Mv) with ‘n’ number of sub-components 
and having value Indexsvi for the ith sub-component was calculated as follows. 
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The inverse relationship for sensitivity has been considered keeping in view of analyzing the per unit 
strength of the system bearing capability on absolute performance under the climate threats as also 
considered in Pandey and Jha (2012). The CVIW was developed in such a way that high CVIW 
reflects low water vulnerability. 
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where, Exp is exposure, Sen is sensitivity and Ada.Cap is adaptive capacity, and Ni  is the number of 
Major Components in the ith dimensions of vulnerability for all i=1(1)3.  
 
The CVIW was then applied for mountainous households in Uttrakhand, India. The whole study area 
was classified under two categories – rural (forest dependent) and urban (semi-urban) – and random 
sampling was adopted to select the households. The villages are situated at the altitude of 356 m and 
lies at 30º7" N latitude and 78º42" E latitude. Being part of the Western Himalayas, these villages 
present a unique set of ecological characteristics and several other phyto-geographically distinctive 
peculiarities.  
 
 
Results and discussion 
 
The CVIW value in urban was found to be higher (0.767) than rural area (0.686) (Table 1), suggesting 
less water vulnerability in urban households. High water vulnerability of the rural forest dependent 
households is attributed to more sensitivity and exposure than urban region. Water vulnerability of 
rural households is caused especially by low level of health facility, water problem and agriculture. In 
totality, remoteness, edaphic factors of mountainous region coupled with infrastructural issue, are 
responsible for the present state of conditions in rural households. This can be addressed, if the 
programmes and policy that support the livelihood options could also include and implement the 
attributes of climate change. 
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Table 1. Indexed major components for water and its value for rural and urban areas 
Vulnerability 
components for water 

Major components (Relationship with 
vulnerability) 

Value 

Rural Urban 
Adaptive capacity 
(Ada.Cap) 

Socio-demographic profile (Positive) 0.295 0.272 

Livelihood strategies (Positive) 
Agriculture based livelihood strategies (Positive)  
Water resources in livelihood strategies (Positive) 
Social network (Positive) 

Sensitivity (Sen) Health (Negative)  0.239 0.162 

Water quality (Negative) 
Food (Negative)  
Food insufficiency (Positive) 
Water (Negative) 

Exposure (Exp) Natural resources access (Negative)  0.540 0.255 

Natural resources access (Positive) 
Climate variability (Positive) 
Climate impacts (Positive) 

 

Climate vulnerability index for water (CVIW) 0.682 0.767 

 
The study advocates that the investigation should be carried out for assessing the vulnerability due to 
climate change for various resources, which directly or indirectly contribute to the livelihood process of 
rural communities. This will ultimately guide the future course of actions in terms of adaptation 
strategy through adjudging the proper and suitable ways and means for different segments of the 
vulnerable sector. This sort of vulnerability study explores the community responses based on their 
long-term realizations/observations with their prevailing internal and external settings therefore may 
also visualize and make a balance between the internal and external adaptation strategy.  
 
The CVIW is flexible, parametric and data sensitive, and needs precise information for realistic 
assessment of existing scenarios through adequate sample size, sampling strategy and fair 
responses. The weightages of the various dimension, major and sub-components, are a complex 
issues and need a mixture of contextual, subjective and objective weights. The validity of index may 
be ascertained through alternative techniques such as quantitative or qualitative techniques or Meta-
analysis or by comparing the analysis result with actual.  
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Many rural people across the world are still highly dependent on natural resources, particularly land, 
forests and water for their livelihoods. These people will thus be directly affected by the impacts of 
climate change on these natural resources. This is particularly true for the people living in the 
Himalayan Mountains and cultivating marginal lands in fragile watersheds. The adverse effects of 
climate change on natural resources, especially forest vegetation, agriculture and water, on which 
mountain communities depend for farming and other household uses are already noticeable in the 
Himalayan region. There is an urgent need to help communities adapt to the prevailing and expected 
changes in climate in order to sustain their livelihoods. To address this effectively, it is necessary to 
develop a better understanding of the likely changes in water resources under the influence of climate 
change on forests and other landuse / land cover, and how they will affect livelihoods and food 
security. Equally important is safeguarding the knowledge of adaptation approaches developed by the 
rural communities over the years for increasing resilience and survival in this region sensitive for 
climate change. This paper presents case study of a representative watershed of Garhwal Himalaya 
focusing on climate change impacts on water and agricultural resources and associated livelihood of 
the local people and provide broad overview of coping mechanisms employed by the inhabitants. 
 
While unprecedented rate of global warming in recent times is conclusively established, scientific 
capacity to predict future climate scenarios is limited, with projected warming rates reported in the 
range of 1.0 to 5.8ºC on a global scale and 0.4 to 2.0ºC in India, largely because of an upward trend 
in maximum temperature (Hingane 1985). Some scientists considered likely warming by 2ºC in 
temperature together with a 7% increase in precipitation as the ‘best guess’ (IPCC 2001). Climate 
change projections may vary depending on analytical tools used for making predictions. Prediction of 
sporadic extreme climate events is much more difficult compared to changes in climate on annual or 
seasonal scale. Therefore, an uncertainty in the projected rates of climate change implies an 
uncertainty of the predictions about its consequences or the outcomes of the mitigation or adaptation 
measures.   
 
In the western Himalayan mountains climate governs the spatio-temporal dynamics of natural 
resources, particularly forest vegetation, water resources and agriculture. Mountain inhabitants’ 
livelihood is thus closely coupled with the delicate interactions among these resources that generates 
a range of ecosystem services necessary to sustain human life. However, the recent decades have 
witnessed varying magnitudes of forest vegetation degradation in the fragile mountain watersheds 
owing primarily to anthropogenic activities and alteration of landscape and landuse / land cover. 
Various studies in the region have reported direct linkage between declining forests, increasing 
wastelands and abandonment of cropland, hydrological imbalance and drying up of water sources 
(Rupakumar et.al. 1992, Palni et al. 2011). Further, on the face of extreme climatic events and 
uncertainty in weather pattern people are adapting themselves and employing certain coping 
mechanisms. This case study undertaken in a typical micro watershed of Garhwal Himalaya presents 
this scenario of change and adaptive measures employed by the local people to secure livelihoods.         
 
 
Methodology 
 
Takoli Gad watershed (district Tehri-Garhwal) lies between 30º14' to 30º23' N latitude and 78º37' to 
78º46' E longitudes and encompasses an area of about 131.43 km2. This area falls in inner Garhwal 
lesser Himalaya and characterized by gentle and mature topography. Takoli Gad is a perennial 
stream that originates from the eastern slope of the Chandrabadni Peak (2278 m asl) and join the 
Alaknanda River at Juyal Garh (605 m asl). Jakhand and Dagar Gad are the two main sub streams / 
tributaries of the Takoli Gad stream. Dhara (spring) and Gadhera (rivulet) are the main traditional 
sources of water for drinking and irrigation purposes. There are 20 (second, third and fourth order 
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streams) (Gaderas) in Takoli Gad watershed. Three representative villages were selected across 
three altitudes between 500–2000 m asl in Takoli Gad watershed to achieve a representative 
scenario of water resources, agricultural activities and peoples perception on climate change impacts 
on livelihood, among others.  Surveys conducted in these villages involved using semi-structured 
questionnaires and interviews with key informants.  

 
 
Results and discussion 
 
Land-use and land cover change (LULCC) 
Land-use and land cover change (LULCC) affects climate through alteration of near surface energy 
and moisture exchange, as the physical characteristics of the land surface such as albedo, soil 
moisture, and roughness are changed (the biogeophysical pathway). The landuse study of the study 
area shows four main landuse patterns: forest land (68.31 km2), not available for cultivation (3.88 
km2), other uncultivated land (35.40 km2) and cultivated area (23.83 km2). The forest area of Takoli 
Gad watershed is 51.97% of the total geographical area of the watershed in 2010. The mixed forests 
in the region have a variety of trees depending on the different physiographic features like climate, 
soil, physiography and slope. The landuse area of year 2010 in Takoli Gad watershed differs from the 
landuse of year 2000. This landuse change statistics between 2000 and 2010 reviles that the forest 
area in the Takoli Gad Watershed has been reduced by 0.03% and waste land has been increased by 
0.04%. This has certain implication on the hydrology of Takoli Gad Watershed. 
 
Impacts on Water Resource 
Water scarcity is a common problem in all the villages in the study area. The water yield of springs 
and streams has either decreased drastically or the water sources have completely dried up in the 
area over the years resulting in the reduced streamflow of Takoli Gad stream. During summer it is 
hard to get even drinking water. There are four main perennial streams which have now turned to 
seasonal streams in the last 10 years (2000–2010). During survey in the villages of Takoli Gad 
watershed, more than 65% of the respondents reported that the water discharge in local streams 
(Gadheras) is continuously decreasing and ground water has also decreased leading to drying of 
springs. Springs and streams which were perennial in the past have become seasonal (Table 1). 
About 10–15 years ago, there were Gharat (water mill) in the watershed, but now they are 
dysfunctional due to the depletion in the volume of water in the Takoli Gad stream.  
 

Table 1.  Springs status in Takoli watershed 
Name Altitude (a.m.s.l) 

(m) 
Status in 2000  Existing Status 

(2010)  

Dhaulangi 1234 Perennial Dry  

Jakhand  1077 Perennial Seasonal  

Banjela  1201 Seasonal Dry  

Kaphald  1122 Perennial Seasonal  

Malupani   914 Perennial Perennial 

Lusi   818 Perennial Seasonal  

Amroli 1088 Perennial Seasonal  

Semisemla  1180 Perennial Seasonal  

Neuli  1239 Perennial Seasonal  

Tiuna  1613 Seasonal Dry  

Silod  1710 Perennial Dry  
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People perceptions on climate change and impact on livelihood 
A summary of various impacts of climate change across three sampled villages is presented in Table 
2. One of the major impacts (stated by 85% of the respondents) was that the average annual rainfall 
had declined in the past decade. According to the majority of respondents, the total number of rainy 
days had reduced, leading to an overall decrease in the total rainfall. About 75% of the respondents 
surveyed underlined the failure of winter rains leading to a drastic decline in winter crops. Farmers 
mentioned that spells of unusually heavy rainfall during the rainy season were more frequently 
experienced in the past. This was considered detrimental to soil health and farmers complained of 
heavy soil erosion during this period that leads to a considerable decline in crop productivity during 
subsequent cropping seasons. About 65% of respondents said that the availability of water in the 
streams had declined significantly during summer and that very little water is now available for 
irrigation through guhls. Farming in the Takoli watershed is mostly rainfed, and only small proportions 
of agricultural land are irrigated through traditional water channels (guhls), drawing water from nearby 
streams and rivulets to the fields. As many as 70% of the respondents mentioned that agricultural 
productivity had declined by about 10–25%, and only 20% respondents noted that very little change in 
the past 10–15 years has occurred. People have also noticed that new diseases destroying crops 
every year on large scale, like wheat plant turning black, small red ant like insects destroying potatoes 
and tomatoes. White grub (an insect locally known as Kurmula) is damaging paddy, potatoes and 
chilies. Also weeds like Eupatorium and Parthenium spp. are invading cropfields and decreasing the 
productivity of crops. They also opined that damage caused by large animal pests (wild boar, bear, 
porcupine and monkey) has increased in the recent years as a result of food and drinking water 
scarcity in forest area. Sometimes the loss of crop yield due to wildlife damage is as high as 50% of 
the total economic yield. People have also noticed early ripening of wheat by 15–20 days due to 
warmer winters.  
 

Table 2. Climate change impacts on different resources and livelihood 

Statements 
Responses (%) 

Takoli Dhaulangi Machiyari 

Due to climate change food grain production has decreased.  75 70 64 
 

Climate change has increased the risk of crop failure.  70 60 62 
 

Water bodies have dried up due to change in climate.  58 62 76 
 

Due to climate change, level of ground water has decreased. 65 75 61 
 

Climate change has caused scarcity of fodder in the area.  54 48 42 
 

Climate change has increased the rate of outmigration  52 37 45 
 

Due to climate change, attack of insect‐pest and diseases 
has increased, thus resulting in reducing crop yield.  
 

49 67 52 
 

Change in climate has increased the frequency of rainfall.  75 57 80 
 

Because of climate change, the incidences of untimely 
rainfall have increased.  
 

72 62 79 

Change in climate has decreased soil moisture level.  57 63 67 
 

Soil erosion has increased due to climate change.  55 47 65 
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Coping Mechanism 
Traditionally farmers were cultivating five different varieties of paddy (Oryza sativa) locally named as 
Bauniya, Bankuli, Rasia, Khwida, Lal Satti and Pasaru in irrigated and non irrigated land. Bauniya var. 
which was extensively cultivated in irrigated land has been gradually replaced by Bankuli var. which 
requires less water. Similarly, they have started sowing a red variety of wheat that requires less water, 
instead of the white variety of wheat that requires more water. Tor (Phaselous spp.) a pulse variety 
has been introduced in those areas where moisture in the soil is comparatively less. Tor, known as a 
drought resistant crop requires less water to grow. There has been a subsequent increase in the area 
under cash crops, like tomato, onion, potato, because of less productivity of traditional crops and 
market demand of vegetables. These crops require less area and generate more output than 
traditional crops in relatively shorter time.  
 
 
Recommendations 
 
Water, soil and forests are the basic requirements of the communities residing in the Himalayan 
Mountains. The availability of these resources determines the sustainability of livelihood. A direct 
consequence of degradation of forests and increasing wastelands and decline in the water availability 
as has been experienced in Takoli Gad watershed  is representative of similar watersheds in the 
lesser Himalayan region. Thus degraded land in the van panchayat and civil forests need massive 
plantations of broadleaf trees (oak or rhododendron, for example). Pine, which is a major cause of 
forest fires, should be replaced with the species that will aid water conservation. Khals (rainwater 
harvesting small ponds) should be built in catchment areas for storage and conservation of rainwater. 
Rooftop rainwater harvesting should be implemented at the household level to deal with water crisis. 
Capacity building of local people, particularly women, is required in the natural resource management 
and increasing resistance to cope up with the adverse impacts of climate change.  
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Sisso (Dalbergia sisso Roxb.) an important multipurpose tree species distributed between latitude 
21.17 N to 32.60 N, longitude 74.80 E to 93.43 E and altitude up to 900 m,  is extensively  used for 
timber, shelterbelts and as fuel wood in the sub-humid and drier areas (Dhakal 2001). The depleting 
quantities of sisso can be attributed to over exploitation, absence of proper production management 
strategies (Dhakal 2001) and climate change effect (Sah et al. 2003). The livelihood of the artisans in 
Saharanpur, those earn through carving wood is under threat as the alternative species of sisso (like 
Mangifera indica) could not be carved due to its soft texture. The demand in export market has also 
shifted to modular furniture’s (no carving) and low cost raw material. This results in earning much less 
foreign exchange, loss of livelihood opportunities for the artisans and loss of traditional art and 
culture. 
 
Many other climate studies under different climate models conducted by Ravindranath et al. (2006), 
Sukumar (1999), IPCC (2001), Ravindranath et al. (2003), Solomon et al. (1996), Sukumar (2000), in 
Indian subcontinent laid stress on the potential dieback effect of timber species regionally. The 
disease was first observed by Bakshi (1954) both in the natural forests and plantations in Taungyas, 
in Dehra Dun and Saharanpur districts, Uttar Pradesh. Bakshi et al. (1959), Parajuli et al., (1999) and 
Negi et al. (1999) studied the heavy mortality and stated that the decline is due to occurrence of fungi 
such as Fusarium sp. in the roots and stem. Studies further reported that the pathogens are only the 
secondary cause of decline, not the primary one (Manion 1981). The Proceedings of the Sub-
Regional Seminar on Dieback of sisso (Dalbergia sisso) at Kathmandu, Nepal, 25–28 April 2000 by 
FAO compiled the result of all the studies on Dieback of Dalbergia sisso and concluded that the three 
major causal factors of the sisso decline are water stress, soil texture and high water table.    
 
Sah et al. (2003) based on recent rise in mean annual maximum temperatures suggested that climate 
change could be one of the factors contributing to sisso decline in Nepal and Indian Subcontinent.  
Various authors also suggested that long term climate studies related to change in temperature, 
rainfall, hydrology, soil structure and other abiotic factors should be undertaken in order to attribute 
climate change or global temperature rise as one of the reasons for sisso decline in Nepal and Indian 
subcontinent. This paper analyzes time series data of temperature, precipitation, soil texture (sand, 
silt and clay percentages), occurrence of flood and total soil moisture in baseline and two different 
scenarios (A2 and B2) to study the potential impact of climate variability  on the hydrological 
parameters, in reference to extent of dieback disease of sisso in Saharanpur forest areas. 
 
 
Methodology 
 
Time series data of temperature, precipitation and total soil moisture in baseline (1961 to 1990) and 
two different scenarios (A2 :1970 to 2100  and B2 :1970 to 2100) were collected from Indian Institute of 
Tropical Meteorology, Pune, or generated using Hadley regional climate model PRECIS. The time 
series data of soil texture and extent of dieback was collected from the technical reports of 
Saharanpur Forest Divisions during field visits. The time series data on occurrence of flood in 
Uttarpradesh (with special reference to Saharanpur district) was extracted from EM-DAT, CRED, 
Disaster Database. High resolution thematic grid map was used from Bhuvan1 , to extract gridded 
data. Table 1 shows the latitude and longitude values of the selected grid and the weightage imposed 
on the data extracted. The grid points drawn on the map are as shown in Figure 1.  

 
                                                      
1 Bhuvan - A Geoportal of ISRO Showcasing Indian Earth Observation Capabilities through online rendering of Multi-
sensor, Multi-resolution and Multi-temporal IRS imagery overlaying value added thematic information on Earth Browser, 
providing satellite data and products for download and consume thematic datasets as OGC web services towards online 
Geoprocessing, whilst serving for societal good.  
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Table 1. Saharanpur grid points and weight-age 
Saharanpur 

 
Figure 1. Thiessen Polygon drawn over 

Saharanpur image downloaded from Bhuvan 

Longitude 
East 

Latitude 
North 

Weight-age 

77.125 29.8275 16.35% 

77.5675 29.8275 51.93% 

77.5675 30.27 31.71% 

 
Recent data on extent of dieback disease in sisso and soil quality was collected during field visit, 
started in September 2009 from a random sampling of 345 sites (according to FMU described in 
working plan of Shivalik and Saharanpur Social Forestry Division). The quadrate of 10x10 m grid was 
setup and the soil from the sites were collected from top (0–5 cm) and sub-soil (5–50 cm) layers.  
 
 
Results and discussion 
 
Analyzing the time series temperature data in baseline and two different changed climate scenarios 
(A2 and B2) with projected rise by 2ºC approximately.  This escalating temperature is attributed to 
climate change (IPCC 2006) which may be one of the reasons for the increase of dieback among 
Dalbergia sisso trees (Sah et. al. 2002).  When compared to the baseline data the annual mean 
temperature is predicted to increase by 5.74ºC in A2 scenario and 2.18ºC in B2 scenario by the year 
2100. Kausar et al. (2009) established that Furasium solani (F.solani) fungus, responsible for dieback 
disease in sisso, grows well at 21ºC to 40ºC. The colonization of the mycelium is reduced after 35ºC 
and diminishes after 40ºC. The growth of the mycelium below 21ºC is minimal. The present increased 
temperature (annual mean temperature of 23– 24ºC ) is highly conducive for the growth of the fungus 
and thus increased instance of  sisso dieback can be expected. The plant directly responds to the 
temperature rise from 21ºC to 35ºC.  With a rise of 21+ 1ºC , 21+ 2ºC , 21+ 3ºC , 21+ 5ºC , 21+ 7ºC in 
annual mean temperature the extent of dieback would increase by 3.29%, 26.88%, 55.52%, 63.53% 
and 68.62%(Figure 2) from the base (21ºC : 29.98% dieback) in Saharanpur respectively.  
 

 
Figure 2. Temperature vs. extent of dieback in Saharanpur 

 
Time series rainfall data shows decreasing trend in baseline (392.38 mm) and A2 (184.81) scenario 
but increases by 458.82 mm in B2 scenario. The amount of precipitation almost increases by 150 to 
200 mm in the monsoon months (July and August) over both A2 and B2 scenarios. The rainfall is more 
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scattered and erratic in later decades of baseline scenario and in A2, B2 scenarios. The runoff volume 
is abstracted from the hydrologic budget formula for the catchment and evapo-transpiration is 
calculated by using the empirical formulae of Blaney criddle and Thornthwaite (Subramanya 2008). 
Analyzing the hydrograph drawn from runoff versus flood instance of Saharanpur clearly indicates that 
instance of flood occur after a shooting peak in the hydrograph representing high rainfall and high 
runoff. Saharanpur being geographically situated below the foothills of Shivalik ranges of mountains is 
prone to frequent floods from the upper catchments of Ganges River every year in addition to the 
flood caused by high precipitation in its own catchment area. This remains as one of the major reason 
for deposition of clay rich alluvial soil in this district.  Figure 3 shows the soil texture changes recorded 
over the last 50 years in Saharanpur since 1961. It is observed that there has been an increase of 
60% as compared to the base year and it is also noted that flood may occur almost twice in a year in 
recent decade. There is a high correlation (r=0.957) between annual rainfall and flood instance but 
rainfall is not the only parameter that is responsible for flood in these region. There may be many 
other factors that are responsible for flood. Figure 4 shows the decadal growth of flood instance in 
Saharanpur.  
 
Nathan et al. 2012 have discussed that high instance of flood leading to both water logging conditions 
in the area increasing the soil moisture content and simultaneously alters the soil texture of the area 
affecting the soil permeability. These are supported by the trends as shown in Figures 3 and 4 for 
Saharanpur District.   
 
Observations by Bakshi et al. 1957 showed that the soil texture had a significant correlation with the 
disease incidence .The disease was not reported in sandy and sandy loam soils but began to 
manifest with increasing clay content. The stiff and clayey soils lead to asphyxiation of the feeding 
roots, and were subsequently colonized by wilt fungus Fusarium solani causing the death of the plant. 
This creates conducive environment for F.solani to grow rapidly resulting in increased instance of 
sisso dieback disease. 
 

 
Figure 3. Decadal growth of flood instance in Saharanpur 
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Figure 4. Soil texture change in Saharanpur 

 
All the factors: temperature, precipitation/ rainfall, soil texture in terms of soil, sand and clay 
contents, occurrence of flood , runoff and total soil moisture, are analyzed statistically to establish 
the impact of climate change on hydrological parameters with reference to dieback disease of sisso. 
Pearson correlation coefficient matrix was calculated for all the factors of Saharanpur District. The 
paired t-test of Saharanpur was carried out with 51 degrees of freedom. Extent of dieback of 
Dalbergia sisso shows high significance with clay (P<=.001) and total soil moisture content (P<.072) 
in the soil and annual mean temperature (p<.005). Table 1 summarizes the Pearson correlation 
coefficients (r) and paired t-test (P) values with respect to extent of dieback of Dalbergia sisso in 
Saharanpur. 

 
Table 1. Pearson correlation coefficients (r) and Paired T test (P ) values with respect to extent of 

dieback of Dalbergia sisso in Saharanpur 

Value 
Extent of 

dieback in 
Saharanpur 

Sand Silt Clay Annual 
rainfall 

Mean 
temperature 

Occurrence 
of flood Runoff TSM 

r 1 -0.927 0.850 0.859 -0.042 0.360 0.402 0.064 0.752 

P NA 0.00 0.00 0.001 0.00 0.00 0.00 0.00 0.072 

 
The mean and standard deviation were 22.36 ±0.56°C for annual mean temperature, 983.49±191.74 
mm for annual precipitation, 68.10±10.04 mm for total soil moisture, 0.56±0.56 for occurrence of flood 
and for soil texture 59.11+14.07 % sand, 16.99+6.56% silt and 23.90+8.69% clay; and for 
27.65±13.28% extent of dieback in Saharanpur. However extent of dieback was highly variable (13.0 
to 60.0). Among the variables, occurrence of flood and extent of dieback have the highest coefficients 
of variation.  
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Table 2. Saharanpur data distribution analysis 

Variable 
Extent of 
dieback 

(%) 
Sand Silt Clay Annual 

rainfall 
Mean 

temperature 
Occurrence 

of flood Runoff TSM 

Mean 27.65 59.11 16.99 23.90 983.49 22.36 0.56 887.31 68.10 

SD 13.28 14.07 6.56 8.69 191.74 0.56 0.56 191.96 10.04 

CV 0.48 0.24 0.39 0.36 0.19 0.03 1.00 0.22 0.15 

Max Value 60.00 80.80 32.90 37.20 1429.70 23.46 2.00 1373.3
3 88.87 

Min Value 13.00 30.10 3.70 13.40 555.00 20.98 0.00 513.84 44.06 

Skewness 1.35 -0.55 0.82 0.15 0.19 0.00 0.80 0.39 -0.18 

Kurtosis 1.01 -0.90 -0.05 -1.71 -0.17 -0.60 -0.42 -0.03 -1.87 

 
The change in the soil texture can be directly attributed to the occurrence of flood as reported by 
Nathan et al. (2012) and various other, and also statistically from this study. Extent of dieback was 
positively correlated to total soil moisture, annual mean temperature and the soil structure (silt and 
clay percentages). The regression curve analysis revealed that dieback is highly related to sand 
percentage (R2= 0.90), clay content (R2= 0.88) and TSM (R2= 0.676) in Saharanpur.   
 
Factor analysis is used in this study to define the main underlying factors that affect the extent of 
dieback of Dalbergia sisso in Saharanpur. Correlation matrix based extraction method is used to 
identify the number of underlying factors. The factors that have yielded initial Eigen value of more 
than one are considered for the varimax rotation and Kaiser normalization. According to the Eigen 
values, clay and sand contents are the most correlated factors which would have impact on the extent 
of dieback of Dalbergia sisso in Saharanpur. The Eigen value of clay and sand contents are 3.109 
and 1.006 respectively. 
 
 
Conclusion 
 
Recently Fusarium solani has been isolated as facultative parasite residing in Dalbergia sisso 
responsible for dieback. This new form of disease has reached the epidemic proportion in India, 
Nepal, Bangladesh and other South Asian countries. The disease has already become a threat 
affecting the availability of the species for commercial purposes. Several researchers have been 
working on the issues since 1954 and reported that Increasing temperature, soil texture change and 
water-logging conditions are the main reasons of spread of this disease. The threshold temperature at 
which the fungi F. solani shows high rate of colonization ranges from 25 to 35ºC, water logging 
conditions and poor drainage system of the soil. Statistically soil texture and temperature are found to 
be the most important factors that influence the extent of dieback disease of sissoo in the changed 
climate scenarios in Uttarpradesh. 
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Rivers play a major role in global hydrological cycle as they carry a significantly large portion (about 
40%) of the total annual precipitation over the land back to the oceans. This equals the amount of 
water transported annually from the oceans to land through the atmosphere. The remaining amount of 
precipitation over land is returned to the atmosphere through evaporation and transpiration 
(Shiklomanov 1993, Oki and Kanae 2006, Trenberth et al. 2007). However, the amounts of 
precipitation and hence, the amounts of water carried by the rivers differ greatly between different 
climatic zones and also at different times of the year. 
 
 
Forest regulation of hydrological processes 
 
Numerous studies have documented the influence of forests on various hydrological processes. 
Analyses of long-term climate data reveal that the amount of precipitation and its temporal distribution 
(number of rainy days) decreases with a decline in the forest cover (Meher-Homji 1990, 1991, Sheil 
and Murdiyarso 2009). However, forests are the main regulators of precipitation as it is partitioned into 
various components by several processes such as canopy interception, leaf drip, stem flow, 
throughfall, soil infiltration, plant uptake and evapo-transpiration. Each of these processes is affected 
by a variety of forest characteristics (e.g. species composition, density, canopy architecture, 
phenology, ground flora, etc.). Negi et al. (1998) described the significant role of tree physiognomy in 
three Himalayan species in rainfall partitioning. The amount of water reaching the ground surface may 
infiltrate into the ground or runoff over the surface into drainage channels. The infiltration into the soil 
is further affected by the slope, geology, substrate characteristics, and timing, intensity and duration 
of precipitation. Most of the infiltrated water flows subsurface down the gradient and emerges as 
springs to join the streams. The time lag between precipitation and runoff (and/or discharge from 
springs) and the seasonality of precipitation result in a regime of flows in the rivers during the annual 
cycle (low flows – often baseflows – during the dry season and peak flows during the rainy season) at 
different points along their course.   
 
 
Forest regulation of river flows 
 
Forests alter the flow regimes significantly. The relationship between forest cover and streamflow has 
been analysed in many studies which have reported both negative (decrease in runoff with increased 
forest cover such as by afforestation) and positive (increase in streamflow with greater forest cover) 
relationship (see He et al. 1997, Ellison et al. 2012). Studies based on plantations/ reforestation in a 
previously clear-felled/degraded catchment show that flows decrease gradually with the increasing 
forest growth (Lele et al. 2008). A study in China reported an increase of peak runoff (and also 
snowmelt runoff) after forest harvesting whereas forest regeneration decreased the annual flow (Cui 
et al. 2012). Another recent study in the basin of Upper Blue Nile (Rientjes et al. 2011) observed that 
over a period of three decades (1972–2005), the forest cover of the catchment declined from 51% to 
17% but the rainy season precipitation increased. Yet the annual flow of the catchment decreased by 
12.1 %, largely attributed to a decrease in low flows (up to 66%) though the high flows indicated an 
increase (up to 46%). The impact of the forest cover on stream runoff or river flows has to be 
assessed in relation to climate, forest type, physiography and the spatial scale. Whereas trees can 
reduce runoff at the small catchment scale, at larger scales the role of trees shifts to their influence on 
precipitation which usually increases and results in greater runoff (Ellison et al. 2012). The intensity 
and magnitude of extreme rainfall events further have a direct bearing on the river discharges 
(Bathurst et al. 2011; cf. flood event this year in Uttarakhand).  
 
The importance of forest regulation of river flows often lies in moderation of flow regimes by helping 
retain water in the catchment and promoting infiltration. The subsurface flow can then sustain the 
base flows and significantly reduce the sediment and nutrient loss from the catchments. Similarly a 
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reduction in runoff during the rainy season may help reduce peak flows and hence the flooding 
intensity in lower reaches of the river.  
 
Besides the forests in uplands and headwaters, the riparian forests as well as those in the deltaic 
zone also influence the river flows and hydrology of the basin by offering resistance to flow, promoting 
groundwater recharge and evapo-transpiration (see Darby 1997). Riparian forests mitigate flooding 
effects and also help improve water quality and fisheries. The hydrological regulating services of the 
forests have implications for not only the forest growth and water supply downstream but more 
significantly for the ecosystem services of the rivers themselves.  
 
 
Conclusions 
 
The hydrological services of forests and their influence on river flows, cannot be generalised on 
continental scales and across different climate regimes. In India, studies on large catchment scale 
forest hydrology are grossly inadequate (see Negi 2002) and the restrictions on the availability of data 
on river discharges make it nearly impossible to draw meaningful conclusions. The hydrological 
services of the forests need to be examined and evaluated in totality over the whole annual cycle and 
on a river-basin scale considering the upland and downstream linkages (see also Lele et al. 2008) as 
well as the services of associated ecosystems (rivers and wetlands).  
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Sediment transportation from land surfaces to oceans through rivers is one of the most important 
processes that affect riverbank stabilization, soil formation, upliftment rates, biogeochemical cycling of 
elements, crust evolution and many other earth related processes. Presently, the rivers alone 
contribute to about 95% of sediments entering the oceans in a global scale (Syvitski 2003). It is 
estimated that 65% of water and 80% of the sediments are being transported to oceans each year 
from Southern Asian, Oceania and north-eastern South American rivers (Syvitski et al. 2003). It is 
also reported that the Himalayan Rivers are the major contributors, which transport about 50% of the 
global sediment flux (Stoddart 1969).  According to FAO, about 18% of the arable lands in the world 
could be lost forever if no measures are taken to preserve them (Leisinger and Schmitt 1994). India 
loses about 16.4 t of soil ha–1 yr–1, of which 29% is lost permanently into the sea, 10% gets deposited 
in the reservoirs reducing their capacity by 1–2% every year and the remaining 61% gets displaced 
from one place to another (Dhruvanarayana and Rambabu 1983). Estimation of sediment load from 
Himalayan basins is of considerable importance for the planning, designing, installation and operation 
of hydro-power projects, including management of reservoirs.  The present work was undertaken with 
an objective to collect and analyze Suspended sediment load. Such type of investigations assumes 
importance in preparation of the sediment load budget at micro-watershed scale, which may help to 
planners and managers to evaluate soil losses and to determine the effectiveness of control 
measures in watershed management. 
 
 
Methodology 
 
For the present study, two micro-watersheds namely Arnigad and Bansigad were selected to assess 
suspended sediment load (SSL). Arnigad watershed is having an area of 2.86 km2 (covered with 70% 
of dense oak forest and 30% degraded oak forest) and Bansigad with an area of 1.91 km2 (covered 
with 75% of degraded oak forests and 25% of dense oak forests). In order to measure the suspended 
sediment concentration from each micro-watershed, a rectangular cross section with a V-notch sharp-
crested weir with apex angle 120º at the medial line of flow was constructed. Water samples from the 
streams of the micro-watersheds were collected at the gauging sites. The suspended sediment 
concentration was obtained by filtration method. The filter paper and residue thereon were dried in 
oven at 100ºC for about 30 min. Before taking the weight of the sediments on the filter paper, it was 
kept in a desiccator to remove moisture from the sediment. It was weighed on electronic balance and 
difference in weight was then calculated to get sediment concentration (milligram per liter, mg L-1). 
The data collection of SSL was from March 2008 to February 2011. 

 
 
Results and discussion 
 
The results reveal that the maximum load was discharged during the monsoon season (on an 
average, 90.5% in dense micro-watersheds and 95.8% in degraded micro-watersheds) and it was in 
the form of suspended sediment. Remaining suspended load discharged during winter (9% in dense 
and 4.2% in degraded micro-watershed). This emphasizes the erosion impact of the Indian Summer 
Monsoon (ISM) as the main driving force for erosion processes. In Arnigad micro-watershed, monthly 
average mean of suspended sediment concentration (SSC) varies from 6 mg L-1 to 635 mg L-1 while 
in Bansigad micro-watershed; it reaches maximum to 895 mg L-1. The lowest suspended sediment 
concentration was however experienced in the months of March to May in Arnigad micro-watershed 
whereas stream remains dry during March–June in Bansigad micro-watershed. Mean annual 
suspended sediment load (SSL) was found higher in degraded forest (2189 t km-2 yr-1) than in dense 
forest (844 t km-2 yr-1). It indicates that Arnigad watershed with dense oak forest reduces about 61% 
delivery of SSL in comparison to degraded forested micro-watershed. This means that forests helps in 
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regulating soil erosion and hence reduce sediment load, although the extent and significance varies. 
Approximately, similar results were observed by Shrama et al. (2007) in Khecheopalri watershed of 
Himalayas in Sikkim, India. They recorded the soil loss of 640 t km-2 yr-1 in forested area and 1990 t 
km-2 yr-1 in degraded land. Singh et al. (2008) also recorded physical erosion of 654.72 t km-2 yr-1 at 
the Talara station of Sainji watershed of Lesser Himalayas, Mussoorie, Uttarakhand, India. These 
findings have important implications for water resource management in the context of sediments 
mobilization, erosion, channel management, ecological functions and operation of the hydro-power 
projects in the Lesser Himalayan region. 
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The Himalayan Mountains are complex, fragile and unique in geomorphology, and highly sensitive to 
climate change. Mountain watersheds function as a hydrological unit of the larger mountain 
ecosystem in which the relationship between the inputs (rainfall) and output (streamflow) is 
determined by various water-cycle processes (evapo-transpiration, interception, infiltration, surface 
runoff, soil moisture storage, sub-surface flow, ground water storage and discharge) and the bio-
physical characteristics of the watershed (topography, soils, vegetation cover, landuse practices and 
anthropogenic disturbance). Gauging the impacts of climate change on streamflow and sediment 
transport from the mountain watersheds thus will always be a challenge.  

 
In this region a number of pioneering studies (e.g., Pathak et al. 1984, Valdiya and Bartarya 1991, 
Negi 2002) indicated that anthropogenic activities such as tree cutting, grazing and trampling by 
cattle, soil erosion, forest fire, road cutting, mining, and construction have created hydrological 
imbalance. However, quantitative knowledge of storm-runoff generation in small and intermediate-
sized forested catchment is limited in this region (Bruijnzeel and Bremmer 1989), and published 
values on streamflow and soil erosion vary over a wide range (c.f. Negi 2002). For example, 
streamflow (of the annual rainfall) was reported ranging from 9–62% in a tectonically disturbed and 
Oak-Pine forest dominated watershed in Kumaun Himalaya (Rawat and Rai 1997). Evapo-
transpiration, a significant and least studied part of hydrological cycle, is reported to range from 530 
mm/yr to 890 mm/yr in Godavari River basin (c.f. Negi et al. 2002). The contribution of rainy season to 
annual sediment transport has been reported to be over 80% in the region (e.g. Rawat and Rai 1997, 
Rawat and Rawat 1994a, Rai and Sharma 1998, Rana and Subehia 1996). In these studies the 
annual sediment transport has been found to be ranging from less than 2 to 59.3 t ha-1yr-1 (Negi 
2002). It has been pointed out that channel erosion may itself contribute up to 50% of the total 
watershed sediment production, and such increases in sediments may not attributed to deforestation 
as is frequently proposed (Bruijnzeel and Bremmer 1989). Therefore, long-term hydrological 
monitoring of micro-watersheds in similar geo-physical setting could improve understanding and 
decision making in water resources management in the region. 
 
 
Methodology 
 
This investigation was carried out about a decade ago in two micro-watersheds (MWs) of Pauri 
District of Garhwal Himalaya, India (Negi et al. 2002). Geologically, both these MWs were alike, and 
the aerial distance between them was about 5 km. Thus both experienced almost similar whether 
pattern. These MWs were about 300 ha in size and had contrasting land use/cover. Srikot-Gad (MWs-
I) had 50% of the area under evergreen broadleaf forest (oak) and 12% under wasteland and scrubs. 
Dugar Gad (MWs-II) had only 10% of the area under evergreen conifer forest (pine) and a large chunk 
(53%) under wasteland and scrubs. Both the MWs had almost one-third of the area under rainfed 
agriculture. Data on streamflow and sediment output were recorded in these MWs during 1994–1998 
on 24 h interval using a silt and runoff post that consisted of a trapezoidal flume developed in the 
hydraulics laboratory by the US Forest Service to gauge hard-to-reach streams in mountain 
watersheds. Streamflow was computed using the float method, and the width and depth of water in 
the gauging flume were measured daily at 8.30 a.m. To determine suspended sediment load, 1 liter 
streamflow sample was collected daily and filtered for silt, using Whatman Paper No. 42 filter paper. 
Rainfall was measured using a simple rain gauge located at a middle point of each of these MWs. 
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Results and discussion 
 
During the study years, rainfall-streamflow-sediment output relationships varied from one year to 
another considerably; and these three parameters were positively correlated in both the MWs (Negi et 
al. 2002). Both the MWs received almost equal amount of rainfall. Of the mean annual rainfall of 1845 
mm in MWs-I and 1875 mm in MWs-II, about 59% was received during the rainy season (July–
September). The landuse/cover of the MWs had a direct bearing on annual streamflow. MWs-I water 
yield recorded was about half of that for MWs-II (3825 vs. 6775 m3/ha). Peak streamflow, baseflow 
and sediment load were recorded in August (mean monthly data basis), which coincided with 
maximum rainfall (Figures 1 and 2). Similarly, minimum runoff, baseflow and sediment loss were 
recorded in May. Mean monthly baseflow for MWs-I (10.2 mm) was markedly low as compared to 
MWs-II (18.3 mm). High slope of MWs-I and fast stream gradient and accumulation of debris on the 
stream bed might have contributed to deep seepage and sub-surface flow of water that could not be 
gauged during the lean months. In MWs-I, out of the annual streamflow of 382.5 mm (21% of annual 
rainfall), 71% was recorded during rainy season, and out of the annual sediment output of 4.8 t/ha, 
93% was transported during rainy season (Figure 1). Similarly, in MWs-II, out of the annual 
streamflow of 673 mm (36% of annual rainfall), 79% was recorded during rainy season, and out of the 
annual sediment output of 7.9 t/ha, 92% was transported during rainy season (Figure 2). It is also 
evident from Figures 1 and 2 that in MWs-I where there was a high proportion of broadleaf forests the 
streamflow and sediment transport peak was delayed for about one month as compared to MWs-II 
with low proportion of area under conifer forest. This lag in the peak streamflow has important 
implications for flood hazard reduction and water resource management in the mountain MWs. Runoff 
coefficient was found to be minimum in June (1.26 in MWs-I and 1.8 in MWs-II) and maximum in 
September (53.74 in MWs-I and 47.7 in MWs-II) due to differences in rainfall and soil saturation levels 
in these two months. Thus, in terms of water retention (relative to rainfall) and soil conservation, MWs-
I was better as compared to MWs-II.  

 
Values of streamflow during rainy season from this study are closer to the 70–80% (of total 
streamflow) reported for the Bemunda watershed, Tehri Garhwal (Puri et al. 1982); 94.3% in the Bater 
micro watershed (Solan, H.P.) as reported by Rana and Subehia (1996); and 73–84% in the four 
micro watersheds in Mamlay watershed (Sikkim Himalaya) reported by Rai and Sharma (1998). 
However, low values (12–19%) of streamflow have also been reported in this region (Dhruvanarayana 
1987). In all the above studies, sediment load was found corresponding to the magnitude of water 
discharge. Rawat and Rai (1997) reported that 82% of the total sediment is transported during rainy 
season in Khulgad basin, Kumaun Himalaya. Streamflfow declines rapidly with the cessation of 
rainfall at the end of the wet season, an indication of very limited storage (soil moisture and 
groundwater) in the MWs. These MWs thus confront with a low-flow situation during lean months. A 
major challenge of this region thus is how to increase the baseflow during the lean months. A runoff 
efficiency to the tune of 20% has been found putting mountain catchments of northern Thailand 
among the most “arid” on earth (Alford 1992). Further, soil degradation affects the rainwater infiltration 
and permeability rates negatively. Top-soil infiltration capacities of poorly structured soils were easily 
reduced by 50% in case of compaction by grazing animals (c.f. Negi et al. 2002). It can be 
emphasized that hydrological studies are required in the MWs of the region to understand the climate 
change impacts considering representative bio-physical dimensions, and employing standard 
methodology, instrumentation and experts of geology, hydrology and vegetation science.     
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Figure 1. Rainfall, streamflow and sediment transport for Srikot Gad micro- 
watershed (MWs-I; Average 1994-1998)
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The hydrological studies carried out in Lesser Himalayan region have emphasized that changes in 
landuse pattern are responsible for disrupting the hydrological regime of the Himalayan watershed 
(Narayan and Rambabu 1983, Pathak et al. 1984, Valdiya and Bartarya 1991, Joshi and Negi 1996, 
Rai and Sharma 1998, Rawat and Rawat 1994). However in lack of required hydrometeorological 
data, these studies could not address causes of temporal and spatial variability of runoff and sediment 
delivery among the watersheds of Himalayan terrain. These variations are due to watershed 
characteristics, uncertainty in rainfall patterns, and a large number of input parameters, which 
transform rainfall into runoff, are the major sources of complexity in such relationship (Tokar and 
Johnson 1999). It is more challenging to quantify the impact of vegetation cover on rainfall-runoff 
relations where the interactions between land cover, climatic characteristics and hydrological process 
are more complex and dynamic (Bultot et al. 1990). In the present paper, an attempt has been made 
to analyse the hydrological response of the micro-watersheds having different landuse conditions 
located in the crystalline terrain of Lesser Himalaya.  
 
 
Methodology 
 
To estimate the runoff and sediment load, six micro-watersheds having similar climatic conditions and 
varied landuse and geological setup were gauged with V notch wier and water level stage recorder for 
monitoring the continuous discharge and sediment during 1991–1993. Among the six watersheds, two 
watersheds, W1 and W2, are made up of Gneisses and covered with thick oak and pine forest. The 
W3 micro-watershed consists of quartzite interbedded schist and granite (fractured due to fault) with 
agricultural landuse. The three watersheds (W4, W5 and W6) are of quartzite interbedded schist. W4 
and W5 are having agricultural landuse and W6 is barren. The details of gauged microwatersheds are 
summerised in Table1. 
 
Table 1. Characteristics of micro-watersheds selected for hydrological studies in Khulgad watershed 

Parameters Characteristics of Micro-watershed 
Name W1 W2 W3 W4 W5 W6 
Altitude at Gauging sites (m) 1700 1650 1700 1210 1700 1220 
Watershed Area (km2) 0.53 0.22 0.10 0.75 0.17 0.60 
Landuse 
     Forest 
     Agriculture 
     Barren  

 
100% 
- 
- 

 
80% 
20% 
- 

 
- 
90% 
10% 

 
- 
80% 
20% 

 
 
85% 
15% 

 
- 
15% 
85% 

Rock type 
     Granite-Gneiss 
     Mica-Schist 
     Meta-grewack 

 
100% 
- 
- 

 
90% 
10% 
- 

 
30% 
70% 
- 

 
 
100% 
- 

 
 
27% 
75% 

 
- 
100% 
- 

Structure Massive Thrust Faulted Stream Shear Contact of two 
Formations Shear 

Channel Slope 
     Up slope 
     Down slope 

 
50º 
30º 

 
16º 
21º 

 
30º 
25º 

 
28º 
10º 

 
22º 
20º 

 
30º 
20º 

Slope 1–46º 6–37º 3–18º <1–30º 1–29º 3–28º 
Stream Order 2nd order 2nd order 1st order 2nd order 1st order 2nd order 
Length of Main Stream (m) 1359 796 384 986 379 1333 
Total Length (m) 3090 1280 383 2720 379 2552 
Basin Relief (m) 390 330 90 290 120 320 
Relief Ratio 0.25 0.36 0.12 0.23 0.20 0.24 
Relative Relief 0.11 0.15 0.05 0.08 0.07 0.09 
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Results and discussion 
 
Water yield of stream 
Table 2 show mean monthly variation of water yield of selected watershed. The W3 watershed having 
water yield capacity of 27958 m3/km2/yr, which is 4 times higher than that of W1 micro-watershed 
(oak-forest), 1.5 times higher than W2 micro-watershed (pine forest), 2 times higher than W4 micro-
watershed (agricultural land) and 1.4 times higher than W6 micro-watershed (barren land). Higher 
water yield of W3 watershed shows that the fracture developed due to tectonic movements are the 
primary factors controlling the water yield capacity of hilly terrain watershed. The secondary porosity, 
due to geological structures/lineament (thrust, fault, fracture, joints, cleavage, bedding plane) in the 
hilly terrain, plays significant role in the recharge and discharge of water. Huntoon (1986) has 
reported that the normal faults and associated extended joints form an extremely permeable zone in 
Pennsylvanian area. This is the reason that even micro-watersheds of agricultural land are having 
greater capacity to generate water than the oak forest micro-watershed.  
 

Table 2. Water yield capacity of different micro-watersheds of the Khulgad watershed 

Watershed Year Total Discharge (m3) 
Water Yield (m3/km2/month) 

Annual Mean Max. Min. 

W1 

1991 43659 6865 22008 49 
1992 27293 4291 16139 0 

1993 63885 10045 34723 0 

W2 

1991 43931 16641 54785 3535 
1992 26726 10124 41272 365 
1993 78363 29683 158348 589 

W3 

1991 91083 10120 17142 6428 
1992 63052 7006 12442 2607 
1993 226827 24505 172800 3129 

W4 

1991 32788 27323 64282 13392 
1992 20579 17149 39398 4018 
1993 47283 39402 190512 6532 

W5 

1991 23299 11421 22057 4574 
1992 16989 8328 15755 1260 
1993 27812 13633 77455 1103 

W6 
1991 123060 30628 63389 2232 
1992 86172 11968 48211 357 
1993 222025 30837 267840 1814 
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Hydrograph analysis 
The hydrograph pattern of all the stream has been studied on hourly, daily and monthly basis. The 
monthly hydrograph pattern shows that peak flow in W1 watershed (oak forest) occurs in the month of 
September is due to delayed subsurface flow while in other micro-watersheds peak flow occurs in the 
month of August except during 1993 when maximum rainfall was in the month of September. 
Obviously, this is due to the lack of water retaining capacity of the anthropogenically disturbed 
landuse micro-watershed in comparison to thick forested micro-watershed. Recession of hydrograph 
of forested watershed is comparatively slow and very fast recession is recorded in barren land 
condition. It implies that much of the water had quickly runoff from the barren watershed. Similar 
results have also been reported by Tiwari et al. (2011). The regression analysis of discharge vs 
rainfall show that rainfall of 10 mm in Khulgad basin generates runoff in order of 1.77 l/sec, 2.9 l/sec 
and 19.7 l/sec in W1 and W3 and W6 watershed respectively. The maximum runoff is generated in 
barren land stream and minimum in oak forest stream. 
 
Erosion rate 
 
Suspended load:  

The large part of the total annual suspended load from agricultural land (88%) and from oak forest 
land (96%) is transported during the four months of the rainy season. The suspended load is 
maximum in the stream flowing through the tectonically disturbed land (256 t/km2/yr) which is 10 
times higher than that of the oak forest (26t/km2/yr). In agricultural and barren land it is 5 to 7 times 
higher (129 to 183 t/km2/yr) in comparison to that of the oak forest watershed. 

 
Dissolved load: 

Dissolved load by streams is carried throughout the year. Nearly 56% (74 t/km2) of the total annual 
dissolved load is discharged during rainy season from the least disturbed forest land (W1), while 
61% from the tectonically disturbed belt (W3) and 79% from barren land. The oak forest channel 
discharged material at the rate of 11 t/km2/yr while streams of the tectonically disturbed land 
carried load 12 times higher (133 t/km2/yr), and those of agricultural lands , and ,barren land are 6 
times more, 66 t/km2/yr and 69 t/km2/yr, respectively. 

 
Bed load: 

Compared to the oak forest stream watershed, the stream coming from the tectonically disturbed 
land have 24 times higher bed load (112 t/km2/yr), while from agricultural land 16 times higher (62 
t/km2/yr) and from barren land 20 times higher (81 t/km2/yr). 

 
Total load:  

Under natural condition the total sediment load of the stream varied from 41 t/km2/yr in the oak 
forest to 100 t/km2/yr in pine forest. Anthropogenic activities accelerated the rate of total load 
generation: 7 times more (278 t/km2/yr) in agriculture land to 8 times higher (315 t/km2/yr) in barren 
land, while in tectonically disturbed watershed the sediment production was 12 times more at 500 
t/km2/yr in year 1993. Figure 1 shows the mean monthly variation of sediment load during study 
period. 

 
On the basis of the above data, the annual rate of denudation was computed. It varied from 0.02 
mm/yr in oak forest watershed to 0.04 mm/yr in the pine forest. It is 0.19 mm/yr in tectonically 
disturbed land, 0.12cmm/yr in barren land and 0.10 mm/yr in agriculture land watershed. 
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Figure 1.  Total sediment load (carried in the state of suspension, dissolved and bed load form) 

during 1991–1993 by streams emanating from microwatersheds with varied geo-ecological conditions 
 
 
Conclusion 
 
These results reveal that water-generating capacity of the micro-watershed in the crystalline rocks is 
primarily controlled by geological setup of area, rainfall amount and landuse pattern. Impact of forest 
cover on recession part of the hydrograph is very significant. It helps stream to sustain flow during 
lean flow period. Erosion study reveals that oak forest is more effective in controlling the erosion than 
other landuse conditions. Maximum rate of sediment delivery from the W3 microwatershed clearly 
indicates that tectonically active zones are more prone to erosion. There is great need to develop the 
gauged watershed to study the impact of forest and other landuse covers on the hydrological regime.  
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The Nverzhai small watershed is located in the Wulei ecological public welfare forest, about12km 
northwest of Cili County, Hunan Province, China. It is one of the small second order tributaries of 
Lishui River and flows roughly from east to west, in the low mountainous area of the Wuling mountain 
range. The elevation of the hydrological station of the ditch outlet is 210 m above sea level. The 
highest peak is 917.4 m and the main ditch is about 1.2 km long. The total monitoring area by this 
hydrological station is 2.81 km2. In 1960s and 1970s, internal conflicts had destroyed the forest in the 
Nverzhai small watershed, the natural forest lost and soil erosion was very serious. Since the 1980s, 
vegetation has slowly recovered. After 1990, the Nverzhai small watershed was incorporated in the 
scope of Changjiang River Conservation Forest Project, Returning Farmland to Forest Project and 
Public Beneficial Forest Construction Project. These projects promoted the restoration and 
reconstruction of vegetation in the Nverzhai small watershed. 
 
 
Methodology 
 
In this study, the runoff of this Nverzhai small watershed was measured and recorded in the Nverzhai 
small watershed ecological benefit positioning monitoring station which was established in 1998. A 
2.5 m-wide Parshall flume has been placed in the ditch outlet of this small watershed for monitoring 
the runoff since the official starting of observation and recording in 1999. The water level was 
automatically recorded using a water-level recorder. The water samples were collected three times a 
day. If flood occurred, two more samples were be taken, one before and another after flood peak 
time, respectively. The sediment transport data was determined by measuring the sediment 
concentration of each sample. The measurements of atmospheric precipitation, temperature, 
humidity, evaporation, surface temperature, ground temperature, wind speed and wind direction, were 
made in a standard microclimate observatory within the watershed terrain open area. The area of this 
observatory is 25 x 25 m2. 
 
 
Results and discussion 
 
1. Annual precipitation was different in the watershed due to the effects of air circulation. There was 

obvious difference in precipitation in a year. The main precipitation recorded in the flood season 
(April to August), and the distribution trend of monthly precipitation has been almost consistence in 
a year (Table 1).  

2. The timing of peak flood was delayed and the volume of peak flood was reduced by vegetation rec
overy and rebuilding of small watershed using a comprehensive analysis of the typical rainfall and f
lood process of small watershed from 1999. 

3. The main amount of runoff (Q) was origin of precipitation(P) , the obvious one dimensional system 
was Qyear = 45.18+ 0.3492*Pyear 

4. The annual sediment transport modulus and the changing trend of runoff in small watershed was 
almost consistence (Figure 1). The sediment increased with higher precipitation and runoff, and 
the soil erosion in small watershed was mainly caused by heavy precipitation. 

5. With the large area and high standard ecological environment reconstruction of the small 
watershed, the sediment transport modulus had significantly decreased in small watershed in 1990 
to 2004. 

6. The forest coverage Fi(%) of flood years had closely coupled with linear relationship among flood 
lag time difference Hi start(min), flood peak lag time difference Hi peak(min) ,peak discharge Wi start(m3/ 
s), respectively: 

Fi= a + b Hi(start, peak) (W i peak), a and b are constants.  
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7. When the forest coverage of Nverzhai small watershed increased one point, the time difference of 
the floods originating extend 4.2892min and flood peak lagged behind rainfall extend 6.9797min, 
and the peak flow reduced 0.0455 m3/ s. 

 
Table 1. The characters of typical rainfall and flood process of Nverzhai small watershed 

Time 
(Year-

month-day) 

Forest 
coverage 
rate(%) 

Rainfall 
Characteristic  value  Flood peak characteristic value 

Precipitation Total 
precipitation 
(mm·times-1) 

 The flood originating 
lag time of precipitation 

Flood peak lag time of 
precipitation 

Flood 
peak 

discharge 
1 h 

before 1 h max (h) (min) (h) (min) (m3·s-1) 

2000-07-19 49.15 7.8 18.8 51.9 2.2 129 15.2 911 3.2994 
2001-06-17 54.43 8.7 17.3 57.3 2.3 140 15.6 935 3.2842 
2002-05-28 59.71 6.9 18.5 54.1 2.5 151 16.8 1007 3.0377 

2003-05-05 64.99 7.1 19.2 51.6 2.6 157 16.9 1013 2.9938 

2004-05-10 66.74 10.1 21.5 78.6 2.8 166 17.1 1028 3.0304 
2005-06-05 68.49 8.2 19.4 68.1 3.2 191 17.4 1042 2.9138 
2006-10-17 70.25 6.7 25.3 57.7 3.5 209 17.6 1056 2.4390 
2007-08-22 72.00 9.3 17.6 57.8 3.8 225 17.9 1071 2.2013 

2008-08-03 72.55 10.4 21.5 61.5 4.0 238 18.0 1077 2.1562 

 
 

 
Figure 1. Annual variation of precipitation and sediment transport modulus 
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Initial growth of tree species is generally poor in dry areas. Low soil water storage influences 
morphological and structural characteristics of a plant affecting gas exchanges and overall biomass 
production (Guerfel et al. 2009). Soil water availability affects not only above ground processes and 
productivity but also below ground processes, influencing root growth and development. Plant 
response to low water supply and hydraulics increased partitioning of carbohydrates to develop root 
system against reduced partitioning to shoot growth, affecting physiology and total biomass 
accumulation (Chen et al. 2010). In arid and semi-arid areas of north western India, afforestation 
programmes mainly dependent on rainwater, and are affected by varying degrees of water stresses. 
Many plants, however, response well with selective abscission of leaves and marked decreases in net 
photosynthetic rates, and water use efficiency (Fini et al. 2013). To economize and optimize the water 
use efficiency, it is of paramount importance to understand the physiological functions of tree 
seedlings under varying levels of irrigation and quantify the water use and biomass production (Singh 
and Singh 2003). In the present study E. Camaldulensis, D. sissoo and A. nilotica were used because 
of its important attributes, tolerance of wide range of stresses, and rapid growth and high yield of good 
quality wood as timber and fuel wood. The objective of the study was to monitor leaf-water potential 
and gas exchange to assess how different levels of soil water stress maintained through varying 
irrigation levels influence the physiological functions and seasonality in these species.  
 
 
Methodology 
 
Study was conducted at the experimental field of Arid Forest Research Institute, Jodhpur (Latitute 
26º45`N, Longitude 72º03 E) in Rajasthan, India. The climate of the site is tropical, monsoonal type 
and characterized by hot and dry summer, hot rainy season, warm autumn and cool winter. Summer 
is the most dominant, characterized by high temperature spreading over March to mid July and with 
strong winds. The period from mid July to September is the monsoon season, which receives most of 
the rainfall. The mean annual rainfall is 420 mm and the mean annual pan evaporation is 2025 mm 
indicating high water deficit in the area. The soil is loamy sand with 82% sand, 12% silt and 5.0% clay 
and had low soil organic matter (0.14%), available PO4-P (4.84 mg kg-1), NO3-N (5.08 mg kg-1) and 
NH4-N (3.490 mg kg-1). The pH and electrical conductivity (EC) of the soil were 7.86 and 0.70 d Sm-1, 
respectively. One-year old seedlings of Eucalyptus camaldulensis, A. nilotica and Dalbergia sissoo 
from a single provenance were planted in July 1998 in completely randomized design with three 
replications (in lysimeter tank of 2 m x 2 m x 2 m capacity and at 3.2 x 2.2 m spacing). Relations 
between soil water content and pressure was developed with the help of pressure plate apparatus. 
The experiment had five treatments comprising different irrigation levels depending on soil water 
content at different pressures determined with a pressure plate apparatus (Table 1). At the time of 
treatment application, average seedling height and collar diameter were 37 cm and 0.5 cm, 
respectively. Irrigation was initiated in the first week of October 1998 after proper establishment of the 
seedlings. At the time of treatment initiation, soil of all the lysimeters was fully saturated at field 
capacity by addition of water and drainage of excess water was allowed till the soil water ceased to 
drain further. Different irrigation levels were: 36.2 mm (W1), 26.5 mm (W2), 20.2 mm (W3) and 18.1 
mm (W4) throughout the experimental period (Table 1). There was a control in which no further water 
was added to the containers of (W5) treatment throughout the experimental period after saturation 
initially. Soil water content of top 100 cm soil layer was monitored gravimetrically after oven drying of 
the soil samples at 105ºC temperature to a constant weight. The seedlings were re-irrigated when the 
soil water content approached 7.56% (- 0.10 MPa), 5.79% (- 0.50 MPa), 4.44% (- 1.00 MPa) and 
3.23% (- 1.50 MPa) in W1, W2, W3 and W4 treatments, respectively. In W5 treatment the soil was 
saturated at field capacity and no further water was added. However, one seedlings of each species 
was re-irrigated at the time of drying to monitor re-sprouting capacity of the seedlings.  
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Table 1. Relation of suction pressure (MPa) and soil water content (%) of the soil and corresponding 
quantity of water per irrigation (mm) in 0–100 cm soil layer with total volume of 4 m3 (2 x 2 x1) soil. 

Treatment Suction pressure Soil water content Quantity of water per irrigation 
mm liter 

W1 
W2 
W3 
W4 
W5 

0.05 – 0.10 
0.10 – 0.50 
0.50 –1.00 
1.00 – 1.50 
0.03 – till death 

9.97 – 7.56 
7.56 – 5.79 
5.79 – 4.44 
4.44 – 3.23 
10.67 – till death 

36.2 
26.5 
20.2 
18.1 
325.0 (one time) 

144.8 
106.0 
80.8 
72.4 
1300 (8m3 soil) 

 
Leaf water potential (LWP) was measured monthly in triplicate on leaf discs in a leaf chamber  
connected to a Dew Point Micro-voltmeter  between 0500 to 0700 hr from January 1999 to May 1999 
before the re-irrigation of the seedlings in each treatment. Leaf disc of 0.5 cm diameter was punched 
out from the attached leaves (without leaf abrasion) and was transferred into the leaf chamber and 
after 15min of equilibration the water potential was determined. The discs were collected at the time of 
observation recording for each measurement. Net photosynthetic rate (PN), transpiration rate (E) and 
stomatal resistance (SR) were recorded with open system of portable CO2 Gas Analyzer. These 
physiological variables were recorded in triplicate between 10:00 to 11:00 and at one-month interval 
from December 1998 to November 2000 (24 months). All these observations were recorded on leaves 
of middle canopy of the seedlings. Self shading within the cuvette was minimised by ensuring that the 
leaves did not overlap. Instantaneous water use efficiency (WUE) was calculated as PN/E. All data 
were analyzed with one-way ANOVA using growth, biomass and physiological parameters as the 
dependent variables. Pearson correlation was also calculated from these parameters in some cases. 
Soil nutrient data were analysed using two-way ANOVA with irrigation level and soil depth as the main 
factors. Protected LSD comparison at a threshold P value of 0.05 was used to test the differences 
among the treatments.  
 
 
Results 
 
Photosynthesis rate 
Rate of photosynthesis (PN) decreased with increasing water stress. In W1, mean PN was highest 
(5.70, 3.88 and 4.96 μmol m-2 s-1, for E. camaldulensis, D. sissoo and A. nilotica, respectively) and 
was due to the maximum soil water availability. At W2 level, there were 17.5, 14.6 and 19.4% decline 
in PN. Soil water stress of -0.5 to -10 MPa (W3) resulted in sudden drop in PN by 54.0, 30.0 and 50.6% 
in respective species. PN decreased further by 66, 46 and 63.2% compared to W1 with increase in soil 
water stress to W4 treatment. Severely stressed (W5) seedlings indicated 0.85, 1.10 and 0.94 μmol m-

2 s-1 of PN for the respective species. In terms of species, PN was highest for E. camaldulensis, 
followed by A. nilotica and D. sissoo. However the seedlings of D. sissoo in W5 treatment had high PN 
compared to the other two species indicating an adaptation to survival in the latter species. Seasonal 
variation indicated highest rate of photosynthesis during March–April that decreased during May–
June and increased again in August. Lowest rate of photosynthesis was in winter in all treatments and 
tree species, and increased further in spring. However seedlings of A. nilotica in W3, W4 and W5 
treatments remained high followed by D. sissoo and E. camaldulensis during the summer months. 
 
Table 2. Effect of varying levels of water stress on rate of photosynthesis (PN) and transpiration (E) for 

the seedlings of different tree species 

Treatment 
Rate of photosynthesis (µmol CO2 m-2 s-1) Rate of transpiration (mmol H2O m-2 s-1) 

E. 
camaldulensis D. sissoo A. nilotica E. 

camaldulensis D. sissoo A. nilotica 

W1 5.70 3.88 4.96 2.71 2.53 2.71 

W2 4.70 3.33 4.00 2.38 2.00 2.45 

W3 2.63 2.71 2.48 1.70 1.59 1.76 

W4 1.95 2.10 1.77 1.33 1.38 1.48 

W5 0.85 1.24 0.94 0.76 1.10 0.83 
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Transpiration rate 
The effect of varying levels of soil water stress on mean rate of transpiration (E) from November 1998 
to November 2000 was significant (Table 2). Increased levels of soil water stress decreased E. 
Highest E (2.71, 2.53 and 2.71 mmol H2O m-2s-1, respectively for E. camaldulensis, D. sissoo and A. 
nilotica) was for W1 seedlings. Water stress reduced E by 12.9, 20.9 and 9.6% in W2 treatment. The 
decline in E was 37.3, 37.2 and 35.1%, respectively at W3 level. The reduction was maximum for the 
seedlings of W5 treatment with E value of 0.76, 1.11 and 0.83 mmol m-2s-1. Rate of transpiration 
during summer was at par with that of monsoon season except for the seedlings of W1 and W5 
treatment. At W1 level E increased during monsoon, whereas, in summer, the high temperature (>40 
0C) might cause stomatal closure and affecting E value. E. camaldulensis transpired with high rate 
during April and May, whereas A. nilotica and D. sissoo transpired with high rate during the rest of the 
period. In summer and winter seasons W4 and W5 treatments did not show significant differences, 
however, the lowest transpiration rate was during winter in all treatments. A. nilotica transpired with 
high rate (1.36 mmol m-2 s-1) compared to E. camaldulensis (1.24 mmol m-2s-1) and D. sissoo (0.63 
mmol m-2s-1) during January 2000. 
 
Stomatal resistance 
Soil water stress gradually enhances stomatal resistance (Table 3). Low stomatal resistance (SR) was 
observed for W1 treatment. The difference in stomatal resistance between the seedlings of W1 and W2 
treatments was small. But, the stomatal resistance increased by 37.3, 45.0 and 48.3% at W3 
treatment when compared with W1 for respective species. With the increase in soil water stress in W4, 
stomatal resistance further increases affecting the gas exchange and PN. In terms of the species, the 
stomatal resistance was smaller in E. camaldulensis as compared to D. sissoo and A. nilotica. 
Seedlings of W2 did not differ with W1 in stomatal resistance, but for W3 there was a sudden increase 
in stomatal resistance. SR was high in May 1999 and lowest during monsoon period, and it was low in 
July 2000 for D. sissoo, August 1999 for A. nilotica and E. camaldulensis.  
 
Leaf water status 
Leaf water potential (LWP, Ψl) declined gradually with decrease in irrigation level. Predawn leaf water 
potential was lowest for W5 treatment and it was -1.96 MPa for the seedlings with W1 treatment. LWP 
of W2 treatment did not differ with that of W1 treatment. LWP was -2.29 and -2.56 MPa, respectively 
for W3 and W4 treatments. Predawn and peak sunshine (noon) data on leaf water potential were 
minimum during hot period of May and June, and maximum during December and January. 
Comparing the predawn and peak sunshine hours, the LWP was high at predawn (0600–0700 hrs) 
compared to peak sunshine hours (1400–1500 hrs) in all the treatments. 
 
Table 3.  Effect of varying levels of water stress on stomatal resistance (SR) and leaf water potential 

(Ψl) for the seedlings of different tree species 
Treatment Stomatal resistance (m2 s mol-1) Leaf water potential (-MPa) 

E. camaldulensis D. sissoo A. nilotica E. camaldulensis D. sissoo A. nilotica 

W1 20.49 21.76 19.75 1.65 1.96 1.96 
W2 23.67 25.08 21.44 1.80 2.09 2.02 
W3 29.02 35.72 24.96 2.30 2.29 2.10 
W4 31.78 47.14 29.25 2.58 2.53 2.57 
W5 46.82 56.30 38.01 2.98 3.20 3.34 

 
 
Discussion 
 
Highest value of PN and E for the seedlings of W1 and W2 treatments might be related with high Ψl, 
and low SR and soil water content (SWC). Decreased SR in these treatments probably enhanced 
CO2 diffusion into mesophyll cells resulting in high CO2 fixation and biomass compared to the 
seedlings of the other treatments (Ni and Pallardy 1991). Negative relations of PN, Ψl, and E with soil 
water stress may be an indicator of drought tolerance behaviour in D. sissoo and A. nilotica seedlings 
(Allen et al. 1999). Water stress with decreased irrigation level progressively impaired photosynthesis 
rate, which was higher at sufficient soil water availability and decreased with stress. A drastic 
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reduction in the rate of photosynthesis occurred at available soil water level of W3 treatment. Reduced 
irrigation level affected and Ψl negatively affected gas exchange in the seedlings of W5 treatment than 
in the seedlings of W1 and W2 treatments (Mohanty et al. 1989). A 15% decrease in PN has been 
reported in two-year old Picea ruben seedlings at water potential averaging –2.45 MPa (Seiler and 
Cazel 1990). But greater values of physiological variables in W1 treatment were due to sufficient water 
availability. Warren et al. (2011) observed a large decrease in photosynthesis and chloroplast, 
increase/decrease in secondary metabolites that influence osmotic adjustment and physiological 
functions. Larger variations in PN compared to E within the day and the months indicated that PN was 
more sensitive to the environment. However, non-stomatal factors might also play a major role in 
regulation of PN and E during irradiation and high temperature. For example, E showed negative 
relationship (r2= -0.53, P<0.001) with soil water stress. However, effect of water stress was more on 
rate of CO2 assimilation than on transpiration affecting overall biomass production.  
 
 
Conclusion  
 
Higher PN, E, and lower SR in seedlings of W1 and W2 treatments than in the seedlings of W3, W4, 
and W5 treatments suggests that these species could be grown under sufficient to moderate irrigation 
(>50 % of field capacity) for high biomass production in arid areas. Significantly low Ψl, PN, E, and 
high SR for the seedlings of W3, W4, and W5 treatments is the indicator of low production and the 
strategy for survival. E. camaldulensis exhibited highest overall PN, D. sissoo exhibited highest E and 
low SR at sufficient water availability, whereas A. nilotica showed highest E and SR at severe water 
stress, indicated their adaptability towards varying water stress. However, highest reduction in PN and 
E and increase in SR at W3, W4, and W5 irrigation levels indicates that water availability of higher than 
50% field capacity is better to maintain physiological function and growth of these species.   
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The major factors affecting the infiltration of water by soil mass are: (i) soil surface condition and 
protection present against rain drops impact, (ii) soil physical characteristics such as pore size, (iii) 
depth of soil mass, (iv) clay and colloid content of soil, (v) degree of saturation of soil mass, and (vi) 
rainfall pattern and weather condition. Infiltration studies under different vegetative covers and 
landuses have been conducted and it was shown that the infiltration is high under forest land than 
other landuses (Tejwani et al. 1975, Patnaik and Virdi 1962). To assess the impact of different land 
use on infiltration capacity in Mussoorie Hills, a study was conducted under protected plantation (PP) 
raised by Eco Task Force during 1985–86, degraded plantation (DP), degraded natural forest (DNF) 
and protected natural forest (PNF). 
 
 
Methodology 
 
The study was conducted in four different landuses: protected plantation (PP), degraded plantation 
(DP), degraded natural forest (DNF) and protected natural forest (PNF), located in the Mussoorie Hills 
on the south facing hills. The study site lies between latitudes 30º25"40.4"–30º26'44.0" N and 
longitudes 78º04'28.6"–78º05'11.6" E at an elevation between 1460 to 1816 m mean sealevel.  
Double concentric infiltrometer was used for measurement of infiltration (Mathur et al. 1982, Soni et 
al. 1986, Ram and Patel 1992, Ram et al. 1992, Ram et al. 1993, Ram and Jana 1997).  Total tree 
density under PP was 500 trees ha-1 whereas under DP it was 90 trees ha-1. Cupressus tolurosa was 
dominant (IVI 239.67) under PP and under DP (IVI 182.72). Under PNF total tree density was 560 
trees ha-1 with five tree species richness and Quercus leucotrichophora was dominant (IVI 238.31) 
.Under DNF total tree density was only 6.1 trees ha-1  
 
 
Results and discussion 
 
Initial (0–5 minutes) infiltration rate (cm h-1) under PP was 67.6 whereas under DP, it was 22.0. Under 
PNF, it was 189.6 and under DNF it was 86.0 respectively (Table 1). After 180 minutes (150–180 
elapse time) infiltration rate was in sequence of PNF>DNF>PP>DP (97.5>19.5>18.8>7.7). 

 
Table 1. Infiltration rate (cm h-1) under different landuses 

Elapse time 
(minute) 

Protected 
Plantation(PP) 

Degraded 
Plantation (DP) 

Degraded Natural  
Forest (DNF) 

Protected Natural 
Forest (PNF) 

0–5 67.6 22.0 86.0 189.6
5–10 54.0 17.2 63.6 168.0

10–15 48.0 16.4 51.2 145.6
15–30 36.3 13.6 44.7 143.2
30–45 31.3 11.7 43.1 136.4
45–60 29.5 11.5 39.3 126.9
60–90 24.4 10.4 26.0 111.9

90–120 22.8 8.9 22.9 103.3
120–150 19.2 7.9 19.7 97.6
150–180 18.8 7.7 19.5 97.5

   
Infiltration (cm) under PP during first, second and third hour was 38.4, 23.6 and 19.0 respectively 
whereas it was 13.8, 9.8 and 7.8 in the case of DP (Table 2).  
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Table 2. Hourly Infiltration (cm) under different landuses 
Hours Protected 

Plantation (PP) 
Degraded 

Plantation (DP) 
Degraded Natural  

Forest (DNF) 
Protected Natural 

Forest (PNF) 

First 38.4 13.8 48.5 143.6 

Second 23.6 9.8 24.9 107.6 

Third 19.0 7.8 19.6 91.5 
 
Infiltration rate (cm) under PNF during first, second and third hour was 143.6, 107.6 and 91.5, 
respectively whereas it was 48.5, 24.9 and 19.6, respectively in the case of DNF  which may be due 
to coarse texture of soil (Chamizo et al. 2012).  

 
The results indicate that intake of water into the soil (infiltration) under PNF was much more than 
DNF, PP and DP which may be due to high content of organic matter in the soil than other sites.  
Infiltration rate under DP was least due to highly compacted soil by overgrazing (Chamizo et al. 2012).   
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Agroforestry had emerged as an important land-use practice which has a potential of environmental 
amelioration and food production simultaneously as it combines the advantages of forest and 
agriculture. It has been reported by many works that the microclimate in agroforestry was better, 
particularly, in arid and semi-arid areas, which lead to higher production of associated crops. This is 
because of the positive effect of trees in conserving water during rain.  All the precipitation which falls 
to any plot does not reach the soil surface directly as it is being channeled through stemflow and 
throughfall and a certain portion intercepted by the canopy of trees. The proportions of rainfall 
distribution depend upon type of vegetation and precipitation characteristics (Kenneth 1996). It may 
impact directly on bare soil, intercepted by the canopy and may be retained there to evaporate. It may 
also drip from the canopy, collected in the canopy and come down through tree, shrub and grass 
stems. Once precipitation reaches the soil surface, the process of interception is complete and the 
process of infiltration (Kenneth 1996) and runoff begins. Interception process was first described by 
Horton (1919) as the process by which drops of water falling from precipitation are mostly retained by 
the leaf surfaces. This can also be defined as the segment of the gross precipitation input which wets 
and adheres to above ground object until it evaporates. Ayoade (1988) explained that, interception 
has three major components which are stemflow, throughfall and interception loss. Out of these three 
components, only interception loss is prevented from reaching the ground surface. 
 
The objective of the study was to find out the partitioning of the rainfall and runoff measurement in 
Terminalia chebula and Embilica officinalis plantations. 
 
 
Methodology 
 
The study was conducted in a light-textured hyperthermic Udic Ustochrept soil of Central Soil and 
Water Conservation Research and Training Institute, Research Centre, Chandigarh, to compare the 
hydrological behaviour of Terminalia chebula and Embilica officinalis plantations in Shivaliks region. 
Terminalia chebula and Embilica officinalis plantations were established in the year 2000 with a 
spacing of 8m x 8m and 6m x 6m, respectively. In the year 2012, throughfall, stemflow and canopy 
interception of both the species were studied. Throughfall was measured by placing collectors 
beneath the tree canopy (Photo 1) and stemflow was collected by diverting the water flowing through 
the stem to a collector as suggested by Mishra and Yadav (1978) (Photo 2). The rainfall received in 
area without tree cover was also collected. Ramser’s samplers were also established to collect the 
runoff water and compare the runoff among two plantations (Photo 3). 
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Photo 1. Throughfall measurement       Photo 2. Stemflow measurement 

Photo 3. Runoff measurement device 
   
 
Results 
 

The stemflow varied from 0.5 to 3.7% in Terminalia chebula and 0.3 to 3.2% in Embilica officinalis 
based system. Throughfall was slightly higher in Embilica officinalis (90–97.5%) as compared to 
Terminalia chebula (86.64–97.8%). Relationship between rainfall and throughfall analysis showed that 
the R2 value is very high (0.99) for both the species (Figure 1). It was also observed that irrespective 
of the species the per cent rainfall interception by the canopy decreased as the amount of rainfall 
increased. Equation and relationship between rainfall and per cent canopy interception is shown as 
Figure 2. Runoff in Terminalia chebula ranged from 14.5 to 20% where it varied from 12 to 22% in 
Embilica officinalis under different storms recorded during rainy season. The average runoff (%) 
recorded is given in Table 1. The highest runoff recorded was in the open (34.86%) and lowest 
27.27% in Terminalia + napier treatment. 
 

    
Terminalia chebula       Embilica officinalis 

 
Figure 1. Relationship between rainfall and throughfall 
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Terminalia chebula       Embilica officinalis 

 
Figure 2. Relationship between rainfall and interception loss 

 
Table 1. Runoff (%) under Terminalia and Embilica 

Treatments Runoff (%) 
Terminalia+turmeric 28.92 
Terminalia+turmeric 29.17 
Terminalia + napier 27.27 
Embilica+turmeric 29.34 
Embilica +napier 28.58 

Open – Turmeric (control without trees) 34.86 
Open – Napier (control without trees) 33.21 

 
 
Discussion 
 
The process of rainfall interception and its subsequent evaporation are important in budgeting water. 
The results obtained in the study are in agreement with similar studies done elsewhere. Rutter et al. 
(1975) found canopy interception values of 12% of the precipitation for a defoliated oak and 48% for a 
Norway spruce forest in the United Kingdom. Bryant et al. (2005) also found comparable results for a 
different kind of forest in the southeast of the United States. For a pine, mixed, lowland hardwood, 
pine plantation and upland hardwood forest, they measured 22%, 19%, 18%, 18% and 17% of the 
rainfall  been intercepted by canopy and successively evaporated, respectively. In the present study 
the interception is lesser than the studies reported because the spacings between trees in the present 
study are wider as the plantation had been established for agroforestry purposes. 
 
The portion of precipitation which reaches the ground as throughfall depends upon the amount of rain 
(Ovington 1954, Ruther 1963), density of tree crowns and the presence or absence of foliage 
(Reyonlds and Handerson 1967).The amount of stem flow is strongly dependent upon canopy 
structure and density, species composition and variation in bark structure. Similarly Amori et al. (2012) 
determined the variability of throughfall in two tree plantations on the campus of University of 
Agriculture, Abeokuta, and Southwestern Nigeria. They reported that Tectona plantation had more 
throughfall throughout the period of study than that of Gmelina plantation. 
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Soil moisture content influences partitioning of rainfall into runoff and infiltration and therefore has an 
important effect on runoff, erosion, solute transport and land-atmosphere interactions (Aubert et al. 
2003). Soil moisture at a catchment scale exhibits a high degree of variability in space and time and is 
influenced by a number of factors, such as topography (Wilson et al. 2005), soil properties (Bell et al. 
1980), land cover/vegetation (Fu and Chen 2000), precipitation and other microclimatic conditions 
(Famiglietti et al. 1998). Though, a number of studies have addressed soil moisture variability 
(Bárdossy and Lehmann 1998, Zhao et al. 1999), little attention has paid to the influence of landuse 
structure on soil moisture. The forested watersheds in lower western Himalayas in India have seen a 
large degradation in forest cover due to grazing, deforestation and other human activities over the 
years. This change in forest cover is likely to alter the soil moisture regime and consequently, the flow 
regime in the streams. However, the effect of changes in forest cover structure on the soil moisture 
regime of this hydro-ecologically sensitive region has not been studied through long term field 
observations. In the present research study, the temporal, spatial and profile variations in soil 
moisture storage are analysed under two different forest cover structures. 
 
 
Methodology 
 
Two small watersheds, Arnigad and Bansigad, located near Mussoorie in Uttarakhand State of India 
were selected for the present study. The Arnigad watershed (286 ha) supports 70% of dense oak 
forest and 30% degraded oak forest, while the Bansigad watershed (191 ha) supports 75% of 
degraded oak forests and 25% of dense oak forests. Three sites representing topographic highs and 
lows were established in each watershed and the ‘Water Mark’ probes at each site were installed at 
0.25 m, 0.50 m and 0.80 m depths to monitor the soil matric potential at different root zone depths. 
The soil matric potential in all the sensors was monitored at fortnightly intervals during June 2008 to 
May 2011. Soil moisture retention curves, developed in the laboratory using pressure plate apparatus 
for each monitoring point, were used to convert the observed soil matric potential values of respective 
sampling points to equivalent values of volumetric soil moisture content. A number of variables of 
mean soil moisture content were computed from the observed soil moisture data to study spatial, 
temporal and profile variations in these watersheds. Soil samples also collected from different depths 
at each monitoring site and analyzed for particle size distribution, bulk density, soil organic carbon 
and organic matter content. Vegetation survey was carried out in five quadrants of 10 m×10 m size at 
all three monitoring sites in each watershed.  
 
 
Results and discussion 
 
Plots of temporal variation of spatially averaged monthly soil moisture storage at 25, 50 and 80 cm 
depths over three years of observation period in Arnigad and Bansigad watersheds indicated that the 
soil moisture responded well to the rainfall and evapotranspiration with three peaks and three lows. 
The soil moisture reaches its highest value at all depths during monsoon seasons when most rainfall 
takes place and starts declining during winters and summers with evapotranspiration. For analyzing 
seasonal variations, mean soil moisture was computed for monsoon, winter and summer seasons. 
The highest soil moisture storages computed during monsoon season are 40.33% and 39.34% in 
Arnigad and Bansigad watersheds respectively. The soil moisture storage in respective watersheds 
decreased to 29.29% and 25.50% during winter, and 25.95% and 22.58% in summer. 

 
Mean soil moisture values at different depths in Arnigad and Bansigad watersheds are plotted in 
Figure 1. In the Bansigad watershed, the soil moisture is highest (36.97%) at 25 cm and decreases 
with increase in depth to 26.22% at 50 cm and to 24.22% at 80 cm. A similar pattern is also observed 
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in the Arnigad watershed up to 50 cm depth with soil moisture values being 35.36% at 25 cm and 
29.60% at 50 cm. But at 80cm depth the watershed shows slightly higher moisture content (30.61%) 
than at 50 cm depth. The higher soil moisture content in shallow layer can be attributed to higher 
organic matter content in this layer. Hudson (1994) concluded that for each 1% increase in organic 
matter, the available water holding capacity in the soil increased by 3.7%. A slightly higher moisture 
storage at 80 cm than at 50 cm depth in the Arnigad watershed might have resulted due to the low 
rate of water movement to soil layer below 80cm. Another possible reason for higher soil moisture at 
25 cm depth in degraded forest than in dense forest could be contributed by one site in Bansigad 
watershed which exhibited higher storage potential at 25 cm depth. 

 
Figure 1. Soil moisture variation along depth in Arnigad and Bansigad watersheds 

 
The mean soil moisture storage at different spatial points in Arnigad and Bansigad watersheds 
(Figure 2) indicates that the soil moisture in Arnigad watershed varies in a narrow range among sites 
AA (33.80%), AB (29.22%) and AC (32.09%), while a large variation is exhibited by Bansigad 
watershed with soil moisture values as 21.57%, 25.94% and 40.47% at sites BA, BB, and BC 
respectively. These results are consistent with the findings reported by Venkatesh et al. (2010). It was 
reported that the degraded watershed exhibited greater spatial variability in soil moisture; while acacia 
and forested watersheds, which had comparatively uniform distribution of trees and accordingly 
uniform utilization of soil moisture, exhibited less spatial variability across all the sites.  
 

Figure 2. Variation of soil moisture storage at various sites in Arnigad and Bansigad watersheds 
 
For further analysis, the soil moisture values were plotted against tree density which exhibited a linear 
relationship with R2 value of the order of 0.89. The analysis clearly shows that the soil moisture 
storage in the oak forest has a positive correlation with tree density which is consistent with the 
findings reported by Sharda and Ojaswi (2006). It was reported that the root system of an oak tree is 
very extensive and the complex soil-root system of each mature oak tree has a capacity to store 
several hundred litres of water, which is released as baseflow during lean season. 
 
The mean soil moisture storage over the entire period of study was 31.86% in the Arnigad and 
29.14% in the Bansigad watershed. The higher soil moisture content in the Arnigad watershed could 
be possibly attributed to: (i) higher organic matter content; (ii) denser roots because of higher tree 
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density; (iii) higher infiltration; (iv) low evaporation from the soil surface; and (v) higher soil organic 
carbon content. The organic matter and the root system improve soil structure, increase infiltration of 
water and water holding capacity of the soil. Dense vegetation cover also intercepts more incoming 
solar radiation, resulting in less net loss of soil water because of greater reduction in evaporation and 
smaller increase in vegetation transpiration (Duan et al. 2011). Higher percentage of soil organic 
carbon in Arnigad watershed improves overall soil environment and the soil water holding capacity. 
 
 
Conclusions 
 
Soil moisture values in both dense and degraded watersheds show an annual cycle with highs and 
lows during periods of high rainfall and high evapo-transpiration respectively. The soil moisture 
storage under dense forest cover was higher than under the degraded forest during all the seasons. 
The values during monsoon, winter and summer seasons were obtained as 40.33%, 29.29% and 
25.95% respectively under dense forest; and 39.34%, 25.50% and 22.58% respectively under 
degraded forest. The degraded forest exhibited larger spatial variation in soil moisture than the dense 
forest which had comparative a uniform distribution of trees across the watershed. The profile analysis 
indicated highest soil moisture content at 25 cm depth which decreased with depth in both 
watersheds. A high positive correlation was found between tree density and soil moisture content. 
The mean soil moisture contents, computed over three years of study period, were 31.86% and 
29.14% under dense and degraded forest, respectively. These values indicated potential for soil water 
storage under well managed oak forest and, consequently, for sustainable low flows in Himalayan 
region. 
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Water is becoming increasing precious due to continuous population bursting. Therefore, there is a 
critical need to conserve and use water efficiently. In this paper, a methodology is described for 
harvesting stemflow from Morus alba trees and to utilize it purposefully. About 503 m3 stemflow is 
harvested from one hectare of plantation of Morus alba having 405 trees.  This harvested water can 
be utilized for irrigation in plantations and crops during lean period.  
 
Rainfall on trees is partitioned in three components: throughfall, stemflow and interception loss. 
Throughfall (TF) is the part of the rainfall that reaches the forest floor after dripping from tree canopies 
(Ahmadi et al. 2009). Stemflow (SF) is the part of the rainfall which runs down the stem and and 
interception loss (I) is the fraction of rainfall that has been held by the tree canopy against the gravity 
which later on lost by evaporation (Carlyle-Moses and Price 2006). The major component of the 
rainfall in forest ecosystem is throughfall which varies from 70–80% from among different forest tree 
species (Mahendrapp 1990). Proportion of the rainfall partitioned components depends on different 
climatic factors and canopy properties (Hall 2003). 
 
Levia et al. (2010) showed that SF volume depends on tree species, crown size, leaf shape and 
orientation, branch angle, and bark roughness. Rainfall amount is an important factor for increasing 
stemflow volume (Andre´ et al. 2008). Rate of stemflow increases and reaches its maximum value 
until all stemflow contributing area does not take part in stemflow generation process for particular 
rainfall intensity. Stemflow yield decreases as defined flowpaths of stemflow gets overloaded and 
stemflow will be converted into throughfall (Levia and Frost 2003) 
  
The present study was carried out in a 5-year old plantation of Morus alba (locally known as Mulberry) 
having an area of 0.8 ha in the Selakui Research Farm of Central Soil & Water Conservation 
Research & Training Institute (CSWCRTI), Dehradun. The main objective of the research is to 
quantify the SF, TF and I for Mulberry trees and the use of harvested SF purposefully during post-
monsoon periods. Five trees have been selected for the experiment. The diameter and height of the 
trees varies from 7–9.3 cm and 4–4.5 m, respectively.    
 
 
Methodology 
 
Depth of each rainfall event is obtained from the meteorological observatory at the research farm. TF 
from the trees is measured with cylindrical container of 27.5 cm diameter. Around 15 containers are 
placed below the trees for collecting the TF water. Mean TF volume from the trees is calculated by 
taking the average of these 15 containers. Mean TF depth is calculated by dividing with the cross 
section of the container. For measuring the SF volume from each tree, a collar system made of plastic 
funnel is fitted in each tree. A container is connected to the collar with a plastic pipe for collection of 
SF. The SF depth is calculated by dividing the SF volume with crown projection area. I is estimated 
after subtracting the SF and TF from rainfall.    
 
 
Results and discussions    
 
A total of 17 rainfall events were considered for analysis of TF, SF and I. The amount of rainfall 
recorded for these events varies from 1.01 mm to 109.58 mm. SF, TF and I with respect to the each 
rainfall event are shown in Table 1. Proportion of different rainfall components is shown in Figure 1.  
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Table 1. Rainfall amount with its components in Mulberry 
Rainfall (mm) SF (ml) SF (mm) TF (mm) I (mm) 

1.01 1350 0.214 0.530 0.266 

1.68 336 0.053 1.212 0.420 

3.45 1427 0.196 2.318 0.939 

4.80 5602 0.829 2.969 1.003 

5.56 1250 0.201 3.969 1.389 

7.92 5100 0.849 4.726 2.342 

14.15 9675 1.482 8.649 4.019 

15.16 15600 2.353 12.118 0.689 

16.00 19075 2.875 12.875 0.253 

22.74 31150 4.684 14.360 3.697 

29.14 38625 5.677 16.435 7.030 

44.22 36451 5.411 28.022 10.784 

49.69 38500 5.658 33.884 10.149 

50.70 41797 6.205 34.839 9.659 

52.22 50360 6.203 34.532 11.484 

80.01 43327 6.309 66.648 7.056 

109.58 48065 7.067 88.687 13.821 

508.03 387690 56.266 366.77 85 
 
Figure 1 shows that the major component of the rainfall is TF. It is possible to harvest the SF for 
useful purpose like life saving irrigation during dry period. Average volume of SF harvested from a 
single Mulberry tree was 387.7 liter from 508 mm of rainfall. In that plantation, the total number of 
Mulberry trees was 324. Average annual rainfall of Dehradun is 1630 mm. Therefore, the total amount 
of SF that can be harvested from 1 ha plantation will be 503 m3. This SF is lost through infiltration, 
evaporation and the rest as runoff. To harvest and store 503 m3 volume of SF in polythene lined laid 
pond with other arrangements, the maximum investment required will be approximately Rs. 140000.   
 

 
Figure1. Proportion of SF, TF and I with respect to rainfall for Mulberry 
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Conclusion 
 
A total of 17 rainfall events were analysed for SF, TF and I in a Mulberry tree plantation. The total 
amount of SF trapped was 387.7 l from 508 mm of rainfall. The major component of the rainfall is TF. 
TF is costly to harvest and needs huge modification of the land. However, SF can be harvested and 
used in different purposes effectively and economically.      
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Tropical forest ecosystems generate multiple benefits to society, among which are goods such as 
fuelwood, fodder, timber, leaf, manure, food and medicines; and services such as carbon 
sequestration, habitat for wildlife, and biodiversity. One important set of benefits from forest 
ecosystems is watershed services, which include hydrological regulation (groundwater recharge, low-
flow augmentation, and flood control) and soil conservation. Thus, changes in forest conditions are 
likely to have profound implications for society. This is particularly true in the case of river basins in 
South Asia, where forests as well as water resources are being used intensively by a large 
population, often under a highly seasonal rainfall regime. In spite of their importance, the watershed 
service benefits of tropical forests and associated ecosystems are perhaps the least well understood 
and the most contentious of all forest-related benefits. Neither are the physical relationships between 
forest cover and watershed services adequately understood, nor (partly as a consequence) are the 
socio-economic impacts accurately assessed. As a result, when it comes to the management of 
forested watersheds, policy making is dominated by conventional wisdom that assumes that ‘more 
forest’ of any kind at any location and in place of anything else is ‘better’ for all watershed services for 
all communities downstream.  
 
Popular belief is that forests perform extremely critical watershed functions, as they enhance rainfall, 
act as “sponges” that prevent floods during the monsoon, and release water during the dry season, 
and prevent soil erosion. But debates generated by clear-cutting experiments in temperate 
watersheds have triggered much rethinking amongst forest hydrologists of this reigning orthodoxy 
over the past few decades. It has been observed that trees actually consume more water (through 
transpiration) compared to other vegetation. Trees may prevent sheet erosion but not gully erosion. 
Flood control effects of forests may be significant only in small or medium-sized catchments. 
Furthermore, sediment loads in rivers emerging from geologically unstable mountain systems such as 
the Himalayas may be hardly influenced by the extent of forest cover in the catchments, and soil 
erosion and water infiltration rates of different ‘non-forest’ land-uses vary quite dramatically. It is 
therefore now accepted that the effects of forest degradation, loss, or afforestation on watershed 
functioning will vary with climate, spatial scale, precipitation characteristics (such as rainfall intensity), 
pedology, soils and, most importantly, with the type of change that actually takes place in the 
vegetation, whether classified as forest or otherwise (Bruijnzeel 1993, Bonell 1993, Bruijnzeel 2004). 
This contextual nature of the impact requires one to better understand the role played by eco-climatic 
conditions, and the techno-institutional variables mediating between the hydrological system and the 
water use sectors. The present study draws upon changes to tank inflows due to forest cover 
changes, and relate that to the changes in agricultural practices, and hence to wage income of the 
marginal or landless in the Western Ghats in India, which has considerable significance in terms of 
watershed services. In the Western Ghats region, natural forests have been extensively transformed 
by state agencies and local communities into various forms, such as monocultural forest plantations of 
teak, eucalyptus and acacia; heavily used but well-managed forests that are more in the form of tree 
savannas or even grasslands; heavily used open-access forests that have often degraded to scrub; 
and coffee/tea/rubber plantations. Hydrological studies of these land-cover changes are few and 
potentially divergent. Findings include significant declines in water yields when grasslands are planted 
with eucalyptus in the Nilgiris (Sikka et al. 2003), possible increases in overland flow due to planting 
up of grasslands with Acacia auriculiformis in the Western Ghats (Putty and Prasad 2000), but rapid 
recovery of soil hydraulic properties when Acacia auriculiformis is planted on the highly degraded 
(laterized) soils of the coastal Western Ghats (Purandara et al. 2001). The hydrology of deciduous 
forests is poorly understood since most studies are in the evergreen forests. 
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Methodology 
 
A modified version of the framework given by Pattanayak (2004) which outlines the links between 
forest cover change and economic welfare (see Figure 1) is used in this study. An explicit step is 
included for highlighting changes in water applied to agriculture even though, as will be seen, it is not 
always possible to measure this change directly. It is also indicated that location, technology and 
institutions, can influence how ‘available water’ gets translated into ‘applied water’. 
 

 
Figure 1. Conceptual framework of the study 

 
 
Results and discussion 
 
An attempt is made to simulate the likely impacts of regeneration of a degraded forest catchment on 
streamflow and the consequent impact on irrigation tank-based agriculture in a downstream village, 
focusing on changes in average incomes and hired labour. It is found that regeneration of the forest 
will reduce the runoff coefficient of the forested catchment and thereby significantly reduce the 
probability of the irrigation tank filling in either season. This in turn reduces the probability of the 
farmers being able to cultivate an irrigated paddy crop in either season. Less frequent paddy crop 
cultivation results in significant reductions in income from, and wage employment. This result, that 
increases in or regeneration of forest cover in the hilly catchment will actually reduce the economic 
benefits accruing to the community downstream, is perhaps counter-intuitive and certainly contrary to 
some of the findings in the watershed services literature such as that of Pattanayak and Kramer 
(2001). This is a consequence of the particular way in which streamflows are being managed and 
utilized by the local community, viz., by impounding wet season flows and using the water in the dry 
season, and that too for a water-intensive crop which can be cultivated only if the tank fills up 
completely during the rainy season. This kind of agriculture depends on quick runoff from the tank 
catchment so that the tank fills more easily and in time for the farmers to start cultivating an irrigated 
crop. Reduced forest vegetation and soil compaction in the tank catchment due to grazing will ensure 
early runoff and thus favour this kind of agriculture. It is to be noted that under somewhat different 
agricultural water use systems, the impacts may be different. For instance, the decline in streamflow 
because of regenerating forest vegetation does not mean that this portion of the rainfall is entirely lost 
to evapotranspiration by the forest. It is possible that a significant portion of this water would end up in 
the form of an increased contribution to the groundwater aquifer (a partitioning that this study was 
unable to estimate). Agriculture based on open well or bore well cultivation might then stand to gain 
(although such agriculture is currently not very prevalent in the study area). One could also visualize a 
scenario where the irrigation tank was managed to provide protective irrigation to a much larger area 
of dry crops (such as jowaror ragi). Under these circumstances, the farmers would feel the impacts of 
declining inflows less sharply (although it would still be negative). A couple of caveats are in order. 
First, hydrological changes cannot be restricted to a micro scale. Increased use of irrigation water in 
the tank command usually means reduced availability downstream. But it is not possible to trace 
these wider scale effects easily. One can also say that further downstream the catchment size is 
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much larger, and so forest cover changes in one small catchment upstream are not going to 
dramatically affect the users that far downstream. Second, the prediction of decline in benefits is 
based only on declines in flows. However, improvement in forest condition will also result in declines 
in upstream soil erosion and consequently reduce the siltation rate of the tank, thereby extending its 
useful life. That there is substantial sediment entering the tank is obvious to anybody visiting the tank. 
However, from discussions with local farmers, it seemed that there was enough dead storage capacity 
in the tank to absorb the current silt load (corresponding to a degraded catchment) for a couple of 
decades. Thus, the effects of changes in siltation due to changes in forest condition have been 
deferred in time and are perhaps small in any case. The irrigation tank-dependent community or 
communities immediately downstream of the Bandipur forests still stand to lose economically in their 
agricultural incomes and agricultural wage employment if the forests regenerate. Empirically, the 
results highlight the point that, under certain circumstances, farmers immediately downstream of a 
forested catchment may have an incentive to degrade the forest (or to let it degrade) in order to 
‘harvest’ greater streamflows (Lele et al. 2009). In other words, the watershed ‘service’ of forests is a 
highly contextual phenomenon, and simplistic assumptions about its direction and magnitude should 
not be made. Methodologically, this study also makes a strong case for a more rigorous and 
interdisciplinary approach to understanding the phenomenon of watershed services. In addition to the 
obvious need for substantial analysis of catchment hydrology, this study highlights the importance of 
understanding the crucial ‘agrohydrological’ linkage between standard aggregate hydrological 
variables such as runoff or recharge and the water applied in the field – a linkage that is both 
technological and social in nature. Farmers who do not have access to certain technologies do not 
have a direct linkage with the runoff from the catchment. The functioning of a technology like an 
irrigation tank is also dependent on social arrangements around it. In this case, since all the tank 
command farmers agree to a system that is ‘all or none’ (irrigated water-intensive crop for all or no 
irrigation at all), the technology generates certain kinds of outcomes. The other modest 
methodological contribution offered is the illustration of how one may address ‘non-marginal’ change 
situations and ones in which relationships are probabilistic. Finally, the study also draws attention to 
the need to look at impacts in terms of both agricultural profits or incomes and also wage employment 
generated, and to be sensitive to the nature of local markets for labour and other inputs. The idea is 
not to claim that forest regeneration reduces all benefits from forests. No attempt was made to 
estimate the value(s) of all other forest ecosystem benefits and how they would change if the forest 
regenerated. As a part of the larger research project, some qualitative and quantitative data regarding 
the use of forest produce by local communities were collected. The analysis indicates that the set of 
households collecting forest produce for consumption or sale is entirely different from the set of 
households cultivating land in the tank command. The forest-dependent households live in and 
cultivate lands upstream of or outside the command area of the tank, and they would certainly stand 
to gain from a denser forest. This underlines the fact that even within the so-called ‘local community’ 
there can be major divergences in the nature of the stakes of different groups in the forest. Policy-
makers must therefore move away from simplistic notions of forests being good for everything and 
everybody in all circumstances, and facilitate context-specific, ecologically and economically informed 
forest governance mechanisms. 
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Assessment of water quality in forested area often associated with forestry activities and the 
management prescription applied. In the Tropic, forest removal effects on hydrological parameters 
have been well documented, for example in Zulkifli and Rahim (1991), Chappel et al. (2004), and 
Marryanna et al. (2007). Zulkifli and Rahim (1991) found that commercial logging without instituting 
necessary conservation measures resulted in significant changes in stream water quality, and the 
most affected parameters were turbidity, suspended solid and iron concentration.  In addition, Rahim 
and Zulkifli (1994) stated that suspended solid and turbidity in the first year after logging increased by 
twelve- and nine-folds, respectively. Roslan and Manan (1980) stated that heavily compacted soil that 
caused by the heavy machines led to the occurrence of rapid surface runoff . This situation has 
accelerated the surface erosion which in turn increased the sedimentation into the adjacent receiving 
stream. Forest cutting was led to the increase in soil water storage which support microbial activities 
and enhance the decomposition rates (Little & Ohmann 1988). This situation facilitated the leaching of 
various ions which accumulated into the receiving stream and affected water quality in the stream. 
 
Water study in Bukit Tarek Forest Reserve by Marryanna et al. (2006) showed there were significant 
fluctuations of silica concentration. It increased up to 0.958 mg L-1 in catchment that undergone clear 
felling compared with control catchment.  However, the difference became smaller, only 0.31 mg L-1, 
after the felling. The other parameters did not show obvious differences between control and clear 
felling catchments. Aluminium, nitrate and ammonia fluctuated from 0.02 to 0.05 mg L-1 during 
harvesting and returned to almost normal condition after the harvesting. In addition, Marryanna et al. 
(2007) found that pH increased about 1.6%, conductivity 49.2% and turbidity 350.8%, after clear-cut 
logging.  In Malaysia, very few studies had been conducted on the effects of timber harvesting at the 
upper hill forest, or high elevation. An attempt was conducted in Temengor Forest Reserve to assess 
timber harvesting effect on water quality at upper hill dipterocarp forest. This paper reports the 
findings from the study. 
 
 
Methodology 
 
Plot description 
This study was conducted at Compartment 44, of the Perak Integrated Timber Complex (PITC) 
concession forest located in Temengor Forest Reserve within the Hulu Perak Forest District, Grik, 
Perak State, Malaysia. The concession covers an area of 9000 ha and consists of rich lower and 
upper hill dipterocarp forests, managed on a thirty-year cutting cycle. The study plot is located in 
Blocks 5A and 5B covering an area of 200 ha (Figure 1). Two management systems were tested: (1) 
Selective Management System (SMS) based on the minimum diameter limit of dipterocarps and non-
dipterocarps, and (2) new harvesting protocol (NP) based on minimum allowable distance between 
felled trees. The major difference between the current and new harvesting protocols is the spatial 
distribution of the felled trees. Each harvesting treatment contained three replicates.  
 
Six catchments within the harvesting experiment site have been identified as the treatment blocks. 
These catchments vary in areas and water level. One unlogged catchment close to the experimental 
harvesting site was selected and monitored as a control plot.  
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Figure 1. The location of the study area at Block 5, Compartment 44, Temenggor F.R., Perak 

 
Water Quality Measurement 
Portable multi-parameter water quality sensor was used to collect on-site physical water quality 
parameters. Selection of the water quality parameter was based on the environmental impact 
assessment guidelines for forestry produced by the Department of Environment (DOE) (1998). Five 
parameters were selected: temperature, pH, conductivity, turbidity and dissolved oxygen (DO). 
Changes in water quality of the stream were evaluated following Malaysia National Water Quality 
Standard of Department of Environment Malaysia (DOE). Six monitoring stations were established for 
monthly data collection. This includes HP1 (SMS), HP2 (NP), HP4 (NP), HP7 (NP) and HP9 
(CONTROL). Water quality assessment was made before; during and after timber harvesting in 2009, 
2010 and 2011 respectively. 
 
 
Results and discussions 
 
Results (Table 1) showed that the average temperature and turbidity increased during timber 
harvesting and decreased one year after timber harvesting. Only slight difference in temperature had 
been observed (Figure 2), but turbidity increased twice than before timber harvesting. Water pH 
decreased slightly from 7.12 before harvesting to 6.76 after harvesting while conductivity gradually 
decreased during and after harvesting. Turbidity returned almost back to normal a year after 
harvesting, while DO improved a year after harvesting. The returning back period of water quality in 
upper hill was shorter compared to three to five years previously reported by Zulkifli and Rahim 
(1991). 

 
Table 1. Average monthly water quality at Block 5, Compartment 44, Temengor F.R., Perak 
Timber 

harvesting 
phase 

Temperature 
(ºC) pH Conductivity 

(µs cm-1) 
Turbidity 

(NTU) 
Dissolved 
Oxygen 
(mg L-1) 

Before 22.33 7.12 113.1 10.40 7.10 
During 22.66 7.06 102.4 20.67 7.94 
After 22.30 6.76 99.6 12.28 8.00 

 
In general, most parameters monitored increased during timber harvesting and decreased a year after 
harvesting. Major fluctuation was shown in turbidity where the maximum value was sharply increased 
by about three-folds compared to before. Highest water temperature recorded during timber 
harvesting was 22.69ºC. The average temperature increased from 22.33ºC (before), to 22.66ºC 
(During) and then decreased to 22.30ºC after harvesting was completed.  The pH and conductivity 
reduced gradually whilst dissolved oxygen increased a year after harvesting compared to the natural 
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condition before it was harvested. Average pH of water also decreased from 7.13 (before), to 7.06 
(during) and further to 6.76 (after).  Variation of maximum and minimum pH value became stable 
during timber harvesting but it went considerably wider one year after timber harvesting. The average 
value for conductivity was 113.15 µs cm-1 (before), 102.40 µs cm-1 (during) and 99.60 µs cm-1 (after).  
 
 
Conclusion 
 
This study showed that water quality parameters slightly deviated one year after harvesting. Since 
Timber harvesting was the only disturbance in the upper hill, the water quality came back to previous 
level when opened surface soil re-vegetated when the forest recovered. At least one year is needed 
to regain the natural water quality after timber harvesting. The finding of this study could be useful 
inputs for improving harvesting techniques. More comprehensive studies should be conducted to 
verify and enhance the findings of this study to improve environmentally friendly harvesting technique.  
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Dams provide storages to the temporal and spatial variation in rainfall for meeting the requirements of 
water during the monsoon and post monsoon periods. Surface water yield estimation in a catchment 
is governed by many hydrological parameters, such as rainfall, landuse/cover, antecedent soil 
moisture and soil type. An accurate water yield modeling of catchment will require determination of 
the spatial and temporal distribution of hydrological parameters. In this study remote sensing 
techniques and Geographic Information System have been used for estimating hydrological 
parameters at spatial and temporal scales which are very useful input data for hydrological model. 
Uniqueness of this study is the delineation of catchments of major water bodies using the power of 
remote sensing which gives water bodies location and extent all together due to its synoptic viewing. 
Spatial locations of water bodies and DEM together have been used to delineate catchments of major 
water bodies. A conceptual modified curve number model has been used to estimate water yield from 
the catchments of major reservoirs of India.  
 
 
Objectives     
 
• Delineation of catchments for the major water bodies and river basins of India. 
• Water yield estimation and analysis for the major water bodies. 
• Comparative analysis of monsoonal water yield for the years 2011 and 2012. 
 
 
Study area and data 
 
Major land mass of India (excluding Andaman, Nicobar and Lakshdweep islands) has been taken as 
study area. A wetland map at 1:50000 scale, developed under “National Wetland Atlas: India” project 
of Space Application Centre (SAC) has been used to identify the water bodies locations and their 
extents. Total 73 major water bodies have been identified based on the water extents having area 
greater than 5000 ha. These major water bodies along with river catchments have been delineated by 
processing the DEM. Satellite data derived daily rainfall for the years 2011 and 2012 obtained from 
Climate Prediction Centre (CPC) website: ftp.cpc.ncep.noaa.gov/fews/S.Asia. Daily data from 1 May 
to 30 September has been used.  In the present study existing landuse map (Agrawal et. al. 2003) 
has been modified using the NDVI images of SPOT-Vegetation sensor to derive hydrological land 
cover classes. Soil texture map for 1: 6 M scale was taken from Survey of India. Soil textural map has 
been used to prepare Hydrological Soil Group (HSG) map considering the soil infiltration and 
drainage characteristics of different soil textures (A to D; high to low infiltration). SRTM DEM was 
used to delineate water bodies and river catchments. 
 
 
Methodology 
 
Hydrological response is governed by a large number of parameters such as terrain, landuse, soil 
characteristics and the state of the moisture in the soil. The last factor demands a continuous 
estimation so as to keep track of the changing moisture conditions and associated effects on other 
parameters. The curve number model (SCS 1972), incorporating some modifications for moisture 
condition (Mishra et al.  2005) and slope (Sharpley and Williams 1990) has been used in the present 
study to carry out the water yield estimation. Windows for analysis such as catchments of major water 
bodies and rivers are delineated by processing the DEM.  
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Results 
 
Water yields from the catchments of major water bodies were analysed for the monsoon periods of 
2011 and 2012. A comparative analysis has been done for the two years’ estimates (Figure 1). 
Overall reduction in the water yield has been observed throughout the region except the northeastern 
area where it is exceptionally high in altitude. Majority of the reservoirs have shown reduction in water 
yield ranging from 10% to more than 50%, while very few reservoirs have shown increase of the order 
of 10% to 20% in the water yield. Total monsoonal water yield produced within the catchments of 
major water bodies are 242.5 BCM and 182.6 BCM for the years 2011 and 2012, respectively. This 
shows an overall 24.7% decline in the water yield from the major water bodies of India for the year 
2012. In the month of June, the water yield was higher for the reservoir catchments, falling in the 
northeastern part of India for the year 2012, whereas water yield was higher in West Bengal and 
central part of India during the same period for the year 2011. During July, water yield deficit was 
observed in the reservoir catchments in the western and west south cost river (WSCR) basin for the 
year 2012. This water yield deficit in the western and WSCR basin was continued from July to August 
including in the lower part of the Ganga basin. September month has different trends with high water 
yield production in most of the reservoir catchments for the year 2012 (especially in the western and 
central regions). 

 
 

Figure 1. Change in water yield in the major water bodies for 2012 with respect to 2011  
 considering May to September period. 

 
 
Conclusions 
 
This study has been done to quantify the water yield production from the catchments of water bodies 
using the conceptual runoff model. Catchments of major water bodies contributed 242.5 BCM (29.2% 
of total national water yield) and 182.6 BCM (28.5% of total national water yield) for the years 2012 
and 2011, respectively. This shows 24.7% decline in the water yield for the monsoon season of the 
year 2012. The water yield contribution of major reservoir catchments to their respective river basin 
has reduced in 2012 as compared to 2011 except for a few reservoirs. Major water bodies catchments 
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contribution to national surface water yield is 63.4%. Study results expected to prove useful to all 
engineers, planners and policy makers of the water resources sector for early assessment of water 
storage availability and also for planning water management during winter and summer uses. 
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Forests are generally perceived to be good for water environment under all circumstances. Hence, 
conserving (or extending) forest cover in upstream watersheds was deemed the most effective 
measure to enhance water yield, regulate seasonal flows and ensure high water quality. However, 
while forest hydrology researches conducted during the last three decades confirm the role of 
upstream forest cover in ensuring the delivery of high-quality water, several studies (Pierce et al. 
1970, van Lill et al. 1980,  Bosch and Hewlett 1982, Hamilton and King 1983, Nik 1988, Bruijnzeel 
1990, Scott and Lesch 1997, Robinson 1998, Sikka et al. 2003) suggest that the hydrological benefits 
of forests in respect of increasing downstream water yield2 and regulating dry season flow have been 
exaggerated. Many now agree that in comparison to shorter rotation crops, forests decrease runoff 
and dry season flows on account of higher interception losses in wet conditions (because of increased 
atmospheric transport of water vapour from their aerodynamically rough surfaces), and greater 
transpiration losses in dry (drought) conditions (because of the generally increased rooting depth of 
trees, and consequently greater access to soil water), respectively (Bruijnzeel 2004, Calder et al. 
2007). Calder (2003, 2005) even questioned the wisdom of having forest as land cover to increase 
downstream water yield in arid or semi-arid ecosystems.  
 
However, Malmer et al. (2009) questioned such generalizations, particularly for tropics on account of 
broad use of the terms ‘forests’, ‘afforestation’ and ‘reforestation’, and use of data generated mostly 
outside the tropics. Too often all forests are ‘bulked’ in a single group and distinctions like 
reforestation and afforestation; different vegetation types/age; climax and non-climax communities are 
rarely maintained. Terms such as ‘secondary forests’, ‘regrowth forest’, ‘altered forests’, ‘disturbed 
forest’ are perceived differently by different groups. Further the hydrological research has largely 
concentrated on two extremes – undisturbed forests versus cleared forest land, whereas most tropical 
forest areas are now a mix of secondary vegetation, and old forest interspersed with patches cleared 
for agriculture or other non-forest use (Giambelluca 2002, Bruijnzeel 2004). 
 
For these reasons this study, through spatiotemporal analysis, evaluates the impact of a varied mix of 
primary3, mature secondary4 and disturbed5 forest covers6, on water yield and surface water quality in 
four and six watersheds, respectively in the Western Ghats of Peninsular India. The economic 
implication of the forest loss on water supply was also estimated to better communicate the 
contributions of forests to societal goals. Except one, the studied watersheds are those of reservoirs 
supplying drinking water to the Greater Mumbai.  The wide gap between water demand and supply as 
also escalating treatment costs makes appropriate management of forests in these watersheds 
critically important.  
 
  

                                                      
2 Water Yield: Total quantity of surface water that can be expected in a given period from a stream at the outlet of its catchment 
(Subramanya 2008). 
3  Primary Forests: Old forests with no or inconsequential human disturbance.  
4 Secondary  Forests:  Forests  regenerating  largely  through natural processes  after  significant human  and/or natural disturbance of  the 
original forest vegetation at a single point in time or over an extended period, and displaying a major difference in forest structure and/or 
canopy species composition with respect to nearby primary forests on similar sites (Chokkalingam and Jong 2001). 
5 Disturbed Forests: Forests that have been exploited on moderate to large scale for timber, fuel wood, fodder, shifting cultivation and 
other tangible benefits.  Reforestation activities may or may not have been undertaken in them.  
6 All lands with tree cover of canopy density of 10% and above when projected vertically on the horizontal ground with minimum areal 
extent of one Ha. 
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Methodology 
 
Impact on water yield 
Spatiotemporal analysis of historical data and satellite images from 1974–2009 for the Tulsi and 
Tansa, 1977–2009 for the Upper Vaitarna, and 1990–2009 for the Bhatsa, were used to study the 
effects of forest cover (FC) on water yield. Monthly runoff (surface runoff + basal flow) to the 
reservoirs was estimated through the water budget equation for reservoirs (following Güntner et al. 
2004). Methodology by Singh and Mishra (2012) was adopted for classification and accuracy 
assessment of the satellite images, segregation of FC into old forests (primary forest, mature 
secondary forest and undisturbed mature plantations) and the mixed forests (disturbed forests and to 
a lesser extent naturally occurring open forest) and calculation of forest cover in the watersheds on 
year to year basis. Monthly FC in a year was estimated assuming a linear change in forest cover over 
the months. The runoff coefficient was taken as a measure of water yield as it removes the impact of 
precipitation on water yield. To analyze the impact of forest cover on water yield over time, an array of 
runoff coefficient (RC); total forest cover (FC7), old forest (OF) and mixed forest (MF) as percentage of 
watershed area; catchment area (CA); weighted rainfall as depth (wR) and number of rainy days for a 
water year (Rd) for each water year, was constructed as panel data. The following regressions were 
run on STATA SE  
 

RC =  α + β1FC + β2CA + β3 wR + β4 Rd      (Eq. 1) 
RC =  α + β5OF + β6MF + β2 CA + β3wR + β4 Rd     (Eq. 2) 

 
Impact on water quality 
Monthly water quality data of six stations over 13 years (1998–2010) were evaluated through 
multilevel mixed‐effects linear model (broadly following Figueiredo et al. 2010) with the following form 
(the nested watersheds were taken as stations within the watershed). Methodology indicated above 
was followed to interpret FC. 
 

Ln (Q)itjk = γ+ γ1Ln (FC) itjk + γ2Ln (R) itjk + γ3Drej + γ4Drpj + ut(i) + uj(i),t(i) + uk(i), j(i),t(i) + e itjk  

          (Eq. 3) 
Ln (Q)itjk = γ+ γ5Ln (OF) itjk + γ6Ln (MF) itjk + γ2Ln (R) itjk + γ3Drej + γ4Drpj + ut(i) + uj(i),t(i) + uk(i), 

j(i),t(i) + e itjk         (Eq. 4) 
 
where, 
Q itjk = Water quality parameter in month i for year t at station j in watershed k, 
FC itjk = Forest cover as percentage of watershed area in month i for year t at station j in 
watershed k, 
R itjk = Monthly average weighted rainfall (in mm), 
Drej = Dummy for site which measures water quality at outflow of the reservoir, 
Drpj = Dummy for site which have presence of riparian forests, 
ut(i), uj(i),t(i), uk(i), j(i),t(i) = Random effects of year t , site j and watershed k 
e itjk =  Error term with distribution N(0, σ 2), 
γ = Constant, and γ1, γ2, γ3, γ4 ,γ5, γ6 = Regression coefficients of respective variables. 

 
Deforestation induced costs on water supply 
The study estimated economic relationship between FC and (a) treatment costs (Ct), (b) water losses 
due to backwash and desludging (VBW), and (c) decrease in water yield (VWY) and the cost 
implications of deforestation on the drinking water supplies to Greater Mumbai. Turbidity (T) was 
taken as a measure of raw water quality because it is considered a reasonably accurate measure of 
overall water quality. The FC-Ct relationship was estimated in two stages through FC-T and T-Ct 
relationships. The FC-T relationship was taken from Eq.3, while the T-Ct relationship was 
characterized through monthly time series data (Jan 1999 – March 2011) of the Panjrapur Treatment 
Plant (PTP) of the Municipal Corporation of Greater Mumbai (MCGM) (Eq. 6). The FC-VBW 
relationship was similarly worked out in two stages through Eqs.3 and 7. The FC-VWY relationship for 
the study area was taken from Eq.2. Based on these relationships increase in the annual costs due to 
unit (ha) reduction in the FC was estimated through the change in productivity method. 
  

                                                      
7 FC = OF + MF 
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Ln (CCh) = α+ β1Ln (T) + β2Ln (Vt) + β3Ln(CCh-1)     (Eq. 5) 
Ln (Ct) =  α’+ β’1Ln (T) + β’2Ln (Vt) + β’3Ln (Ct-1)     (Eq. 6)  
Ln (VBW) = α*+ β*1Ln (T) + β*2Ln (Vt) + β*3Ln (VBW-1)    (Eq. 7) 
 
where, 
CCh = Monthly cost of chemical used for water treatment (in INR per ML), 
Ct = Monthly operating costs in INR per ML, 
 T =   Monthly average turbidity of raw water (in NTU), 
Vt =   Volume of treated water during the month (in ML), 
VBW = Monthly volume of water lost due to backwash and desludging (in ML), 
CCh-1, Ct-1, VBW-1 = Lagged dependent variables, 
α, α’, α* = Constants, and β1, β2, β3, β’1, β’2, β’3, β*1, β*2, β*3 = Regression coefficients of the 
respective variables. 

 
 
Results  
 
Unit loss of FC was observed to reduce runoff coefficient by 0.001, while every one percent decrease 
in forest cover increases turbidity, total suspended solids and E. Coli by 8.41%, 4.71% and 3.91%, 
respectively as also decrease calcium hardness by 0.49%. The research brought out contrasting 
responses of the old forests (primary forest, mature secondary forest and undisturbed mature 
plantations) and the mixed forests (disturbed forests and to a lesser extent naturally occurring open 
forest) on both water yield and water quality. While, old forests were observed to significantly increase 
runoff coefficient as also improve water quality, the mixed forests exhibited negative correlation with 
respect to runoff coefficient and positive correlation with many water quality parameters like total 
dissolved solids, total hardness, Ca hardness and Ca. Tradeoffs between the provisioning services 
and hydrologic services of the forest were apparent. Deforestation induced costs at Panjrapur 
Treatment Plant of Mumbai Municipal Corporation were estimated to be InR64.96 per cu m treated 
water/ha/year (USD1.32 per cu m treated water/ha/year) which translated to InR3.73 million 
(USD75000) per year in 2010/11 prices. Nearly 99% of the increase in the deforestation induced 
costs was on account of increases in the treatment costs.   
 
 
Conclusions 
 
The study established the need for municipalities to include the forests in their decision making, 
planning and operations. It also pointed out the need to maintain distinctions like reforestation and 
afforestation; different vegetation types/age; climax and non-climax communities as their impacts on 
hydrology as well as the water quality are different. In particular the impact of disturbed and open 
forest cover was observed to be quite opposite of the general perceptions about the forests. However, 
the old and mature forest cover improved both water quantity and quality. The tradeoffs between the 
provisioning services and the hydrological as also water quality improvement services of the forests 
necessitate conservation of the old and mature forests in the source areas. The plantations and the 
disturbed forest cover should similarly be conserved so that with age they can extend better 
hydrological services.  
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Rivers are the most important natural water resource widely used for domestic, industrial and 
agricultural purposes (Jain 2009). Ganga is the longest river in India, travels 2525 km, right from 
Himalayas to the Bay of Bengal. It has its’ origin from Gangotri Glacier at an altitude of 7010 m above 
mean sea level in the Uttarkashi District of Uttrarkhand. Patna lies in the Middle Ganga Basin of India 
where the river water quality and flow had been severely affected by a large number of anthropogenic 
activities like sewage and hospital waste discharge, crematoria, carcass disposal, etc. Increasing 
anthropogenic activity has caused a direct depletion in the hydrobiological and limnological status of 
the aquatic system (Khanna 1993). Zooplanktons are the important components of freshwater 
communities. They are heterogeneous assemblage of minute floating animal mainly represented by 
various taxonomic groups such as Rotifera, Cladocera, and Copepoda. Zooplanktons play major role 
in the food web of an aquatic ecosystem and form an intermediate link between primary and tertiary 
production. Study of plankton diversity and their ecology greatly contribute to an understanding of the 
basic nature and general economy of an aquatic habitat (Srivastava 2013). The Physico-chemical 
parameters also affect plankton distribution, sequential occurrence and species diversity (Jhingran 
1991).This study aims to assess the seasonal variation in water quality of River Ganga at Patna and 
its influence on zooplanktons diversity. An attempt was made to determine the relationship between 
the physico-chemical parameters and distribution of zooplanktons using Water Quality Index (WQI) 
and Shannon-Wiener diversity index (H’).  
 
 
Methodology 
 
The present study was carried out in River Ganga at Patna (Bihar, India) from December 2009 to 
November 2010. Four stations were established along the river, located between  25º39’N  85º08’E to 
25º36’N 85º12’E, at an altitude of 53 m above mean sea level. Patna supports a population of more 
than 1.6 million (Census 2011) and poses an impact on River Ganga directly or indirectly. 
 
Water Quality Measurement 
Analysis of physico-chemical parameters were done directly at each station, where the water 
temperature, turbidity, pH and dissolved oxygen were measured. Water samples were stored in 
polyethylene bottles (1 liter capacity) and brought to the laboratory for further analysis. In the 
laboratory, chloride, phosphate, nitrate, total alkalinity, and total hardness were analyzed using 
standard methods described in APHA (1998) and Trivedy and Goel (1984). Water Quality Index (WQI) 
was calculated by using Unweighted Harmonic Square Mean Formula from Lumb (2011). 
 
Zooplankton Analysis 
Zooplanktons were collected by filtering 50 l of sub-surface water of Ganga River through a plankton 
net made up of bolting silk No. 25 with mesh # 55 μm and finally concentrated to 50 ml. The plankton 
sample was immediately preserved with 4% formalin and brought to the laboratory for further analysis. 
In the laboratory, 1 ml of sample was taken out with a graduated pipette and transferred to a 
Sedgwick-Rafter plankton counting cell and then it was covered with a rectangular cover slip. The 
counting of zooplankton was done using light microscope. Before counting, zooplanktons were 
identified with the help of available standard literature for their identification. The numbers of 
zooplanktons counted were converted to numbers per liter following methods suggested by Sinha et 
al. (1994). 
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Results and discussion  
 
The physico-chemical variables were used to calculate WQI of River Ganga at different sites (Table 
1).The WQI value is an environmental indicator which takes into account the chemical and biological 
data and summarizes them into a simple composite description of water quality. The purpose of this 
Index is to show the relative differences of water quality influenced by prevailing anthropogenic 
activities at the respective sites. The WQI values from 10-59 indicate the water quality to be very poor, 
60-79 poor, 80-84 fair, 85-89 good and 90-100 indicate the water quality to be excellent. The water 
quality of River Ganga near Patna ranged from poor to very poor.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Rivers often contain an abundance of zooplankton, even though these organisms lack the ability to 
swim against current. They are good indicators of changes in water quality, because they are strongly 
affected by environmental conditions and respond quickly to changes in environmental quality. 
Riverine zooplankton community composition may be controlled by turbulence and water velocity 
besides water quality and is likely to play a critical role in structuring this community (Wahl et al. 
2008). Three major zooplankton groups dominate freshwater ecosystems – the Rotifera, Cladocera 
and Copepoda. Diversity indices are good indicators of pollution in aquatic ecosystems. Shannon-
Wiener diversity index (H’) is an unweighted measure and takes into account not only the number of 
species but also the relative quantities of species. Variations in the S-W index (H’) values reflect the 
changes in water quality. A diversity index (H’) greater than 3 indicates clean water, values in the 
range of 1 to 3 shows moderately polluted conditions and values less than 1 characterize heavily 
polluted conditions. The Shannon-Weiner Diversity Index (H’) calculated using zooplankton 
communities are given in Table 2. The velocity and discharge of water within a river also has direct 
and indirect effects on the biota. The level of water and discharge in the river is minimum in summer 
season and increases considerably in monsoon season. Changes in zooplankton abundance, 
diversity, percentage composition, were observed seasonally in the present study. Analyzing the S-W 
Diversity Index value revealed that the water quality of River Ganga varies from clean to moderately 
polluted. Contrary to this, the value of WQI indicates that water quality ranging from poor to very poor 
(Figure 1).  The data shows that the WQI value cannot reveal the exact condition of water quality as 
many of the parameters are not included in the index. Biological communities are more informative 
about the water quality than physical and chemical measures because they respond to the entire 
range of biogeochemical factors in the environment. 
 
 
 
 
 
 
 
 
 

Table 1. WQI at sampling sites in River Ganga 
Sampling Sites Winter Monsoon Summer 
Site 1 73.29 56.07 72.94 
Site 2 49.20 40.61 48.75 
Site 3 63.96 11.08 66.83 
Site 4 70.65 42.21 66.82 

Table 2. H' at sampling sites in River Ganga 
Sampling Sites Winter Monsoon  Summer 

Site 1 2.90 2.56 3.06 

Site 2 2.01 1.67 2.24 

Site 3 2.63 2.19 2.57 

Site 4 2.32 1.54 2.55 
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Figure 1. WQI and H' values at various sampling sites 
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The significant increase in population, migration, and accelerated socioeconomic activities, are 
constantly modifying the landuse and land cover (LULC) especially forest. Deforestation is posing the 
greatest threat to the environment which is also resulting in altering the hydrological cycle. It is of 
widespread concern and a great challenge to the water resources engineers. The present analysis 
focuses on the impact of LULC change specifically forest cover change on hydrology. A complex 
relationship between LULC and hydrology exist involving large variety of interactions at varying spatial 
and temporal scales. The LULC governs almost all hydrological processes such as evapotranspiration 
(ET), ground water recharge and overland flow. Moreover, it controls the surface and ground water 
yield, simultaneously, the amount of water needed for ecosystem and human use (Mustard and Fisher 
2004). According to Chase et al. (2000), the LULC change affects the precipitation and temperature 
pattern, the fundamental driving parameters of hydrological cycle. Consequently, it alters the entire 
water balance that exists between evaporation, groundwater recharge and stream discharge of a 
region or basin (Sahin and Hall 1996, Matheussen et al. 2000, DeFries and Eshleman 2004, Dadhwal 
et al. 2010). A study has also been carried out at IIRS Dehradun for 11 watersheds from different 
parts of the country. It was found that as forest cover decreases there is a significant increase in 
runoff. It is reported that the LULC change is the main driver in the increase of river discharge 
worldwide, since 1900 (Piao et al. 2007). The studies have already shown that deforestation alone is 
the major cause of changes in hydrological processes, including ET, streamflows, accumulation and 
snowmelt processes (Bosch and Hewlett 1982, Gao et al. 2009). It is also reported that developing 
countries, such as India, are likely to witness drastic change in LULC in this century. Many river 
basins of India have been repetitively facing adverse hydro-meteorological conditions, such as floods, 
droughts and cyclones, in recent years due to these changes. Frequent occurrence of these events 
indicates a shift in the hydrological response of the river basins. The reason for such changes in the 
hydrological regime could be attributed to the long-term climate and LULC changes in the region 
(Singh et al. 2010). Hence, there is a need to understand the impacts of such changes on water 
resources availability so as to evolve suitable adaptation strategies. 
 
The impacts of LULC and climate changes on hydrology can be best handled through a physical-
based, distributed hydrological model capable of simulating complex hydrological processes which 
are governed by a large number of biophysical variables of the land surface and climatic forcing. The 
present study investigates the change in LULC of Pennar Basin and its impact on the hyrological 
regime through variable infiltration capacity hydrological model (Liang et al. 1994). It is a semi-
distributed macro scale hydrological model designed to represent surface energy, hydrological fluxes 
and states at scales from large river basins to the entire globe. It is a grid based semi distributed 
hydrological model which quantifies the dominant hydro-meteorological process taking place at the 
land surface atmospheric interface. The Pennar Basin has been mapped on to a 25 x 25 km scale 
grid as shown in Figure 1. Variable Infiltration Capacity Model  requires land surface characteristics 
such as soil data, topography (GTopo 30 DEM) and vegetation parameters, the four major input files: 
soil parameter (NBSS&LUP), vegetation parameter (ISRO GBP for year 1985 and 2005 as shown in 
Figure 2), vegetation library (http://ldas.gsfc.nasa.gov/gldas/GLDASmapveg.php) and forcing files 
(IMD gridded data on rainfall and temperature) were prepared for each grid. The area weighted 
percentage change in each LULC class for the year 2005 has been studied considering 1985 as a 
base year. 
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Figure 1. Location of Pennar Basin along with generated 25 x 25 km grid map 

 
 
 
 
 

Figure 2. ISRO-GBP LULC maps of 1985 and 2005 
 
It was found that there is an increase in built up area by approximately 0.2% and corresponding 
decline in deciduous and evergreen forest by 0.6% and 0.1%, respectively between 1985 and 2005. 
The set up Variable Infiltration Capacity hydrological model for Pennar Basin has been run for LULC 
datasets of 1985 and 2005 separately for meteorological forcing of the normal year: 1995.  The grid 
wise results for these years were aggregated to find out average hydrological components for the 
basin. The comparative time series plots of rainfall runoff potential simulation for each year on daily 
basis have been shown as Figure 3 below. It indicates that runoff varies according to change in 
LULC, the value of estimated runoff potential is 55.75 mm in year 1985 and 76.36 mm in 2005. The 
effect of LULC change is predominant, runoff potential increased by 37% as there is an increase in 
built-up and subsequent decrease in forest area is observed in the particular year. 
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Figure 3. Time series plot of estimated runoff of 1985 and 2005 

 
To study the impact of these change on other hydrological components namely ET and baseflow, the 
yearly totals of these components for 1985 and 2005 are plotted against total rainfall of the basin as 
shown in Figure 4. 
 

 
Figure 4. Plot of estimated runoff, baseflow and ET against rainfall 

 
The runoff potential has increased many folds due to increase in built-up and consequent decrease in 
forest area. In such a case, generally, ET reduces, but in the present analysis, slight increase in ET 
was observed. It was validated in the field that the large number of fish ponds and storage tanks had 
been constructed in this coastal region of India. This might have attributed to the increase in ET, due 
to increase in water body by 750 km2, which may be contributing more to evaporation. The addition 
ET, due to water bodies/wetland may again feed to local climatic system which in turn results in 
increase in local rainfall. Moreover, it was also noticed that huge plantation has been established 
(1156 km2) during 1995 to 2005, which may again increase ET. The change in runoff, ET, and 
baseflow suggests changes in soil moisture regime and groundwater. It also indicates that water 
would run faster on such LULC as compared to 1985 and due to backwater effect this coastal region 
may face more frequent floods. It can be concluded that slight change in LULC can change 
hydrological regime of a basin entirely. This together with climatic changes would influence the 
hydrological regime of the river basin in a larger way.  
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The study will help in assessing the future state of water resources. It also provides information on the 
direction and magnitude of streamflow change and insight into which variables are most significant for 
these changes. These findings may prove to be very important for decision makers who require such 
information to evaluate mitigation and adaptation strategies under different LULC scenarios, as well 
as to support policies about water allocations between various sectors such as agriculture, 
ecosystems, domestic and industry. In addition, this type of analysis can support relevant public 
sector organisations for future landuse and flood management plans. 
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Jharkhand, the newest state of India, with geographical area of 79,714 km² constitutes 2.42% of the 
country’s land area and lies between latitude 22º00' and 24º37' N and longitude 83º15' and 87º01' E 
(FSI 2011). The state is marked by the plateau of Chhotanagpur, and has four distinct plateaus: Pat 
plateau, Ranchi plateau, Lower Chhotanagpur plateau and Rajmahal highlands. The undulating 
nature of land resulting in increased surface runoff not only reduces percolation but also continuously 
erodes top soil thereby diminishing fertility of soil leading to impoverishment of soil, hills and people. 

 
Water, forests and people are natural allies. Forested catchments supply a major proportion of all 
water use for domestic, agricultural and industrial needs. Availability and especially the quality of 
water are strongly influenced by forests and thus depend on proper forest water management. 
Unfortunately, there is ever-growing pressure on forests, as the state is one of the important mineral 
producing states of India. Further, about 76% of its population is tribal dominated rural population with 
dependence on forests for multitude of benefits. 

 
In-situ and ex-situ conservation of water to check the surface runoff, and productive utilization of 
conserved water through appropriate technology, therefore is imperative. In this paper, case studies 
were conducted in Bokaro, Palamu and Simdega districts of Jharkhand, where community driven 
traditional, people and eco-friendly, cost effective, and sustainable in-situ water conservation 
methods, are described. With the harvesting of water that would have otherwise gone waste as 
surface runoff, communities are able to cultivate their land and grow a variety of agricultural, 
horticultural and silvicultural products through improved technological practices. This provides the 
communities with productive and meaningful employment with additional source of income in a 
sustained manner reducing dependency on government and external mechanisms. 
 
 
Rural economy in Jharkhand 
 
Agriculture, collection of forest produce and allied activities, are the main source of employment and 
income for the tribal dominated rural population, though the area under cultivation is only about 14% 
of the total land area. The low productivity is mainly due to the difficult terrain and consequently 
inadequate irrigation facilities. Therefore, majority of the rural population are resigned to the mercy of 
nature for the minimal agricultural harvest. It is clearly evident from Table 1 which shows that only 
11.54% of the net sown area is irrigated.  
 
Although the state receives adequate rainfall over small period; but due to undulating terrain, the 
surface runoff reduces the percolation, and hence the rainwater is not available to the agricultural 
crops sufficiently for productive utilization. Active involvement of local communities and harnessing 
their age old, cost effective local technical knowledge in constructing and de-silting tanks, ponds and 
wells for judicious soil and water management is an ideal strategy. Further, the local people need to 
be supplemented with the technology that ensures efficient utilization of water. 
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Table 1. Land utilization scenario in the districts under case studies (2010–11) 
(Area in ha) 

 
Sr.
No. 

 
Name 

of District 

 
Reporting 
Area for 

Land 
Utilization 
Statistics 

Forests 
 

Not 
Available for 
Cultivation 

Other 
Uncultivated 

Land 
excluding 

Fallow Land 

Fallow 
Land 

Area under Cultivation Area under Irrigation 

Net Area 
Sown 

 

Percent of 
Total Land 
Utilization 

Net Sown 
Area 

under 
Irrigation 

Percent of 
Total Net 

Area Sown

 
1. 

 
Bokaro 

 
288,992 

 
74,182 

 
73,843 18,648 102,833

 
19,486 

 

 
6.74% 2,723 13.97%

 
2. 

 
Palamu 

 
460,431 

 
169,819 54,749 10,299 171,013

 
54,551 

 
11.85% 

 
13,888 25.65%

 
3. 

 
Simdega 

 
379,434 

 
103,674 

 
45,203 32,246 118,870

 
79,441 

 
20.94% 

 

3,323 4.18%

Jharkhand 7,970,075 2,239,481 1,332,421 538,912 2,773,895 1,085,366 
 

13.62% 
 

125,241 11.54%

Source: Directorate of Economics & Statistics, Ministry of Agriculture, Govt. of India. DACNET 
Project, Agricultural Informatics Division, National Informatics Centre.  
 
Some initial efforts had been made by a few conscious villagers in Palamu, Ranchi and other districts 
of Jharkhand, wherein they interacted and replicated ‘Chakriya Vikas Pranali’ which was 
conceptualized and pioneered by Padam Shree Late Dr. P.R.Mishra in his famous Sukhomajri (near 
Chandigarh) experiment in the Shiwalik hills. The concept of ‘Chakriya Vikas Pranali’ means the 
Cyclic Mode of Development. In other words, the benefit from one investment becomes the capital 
investment for the next, and thus the cycle moves on to provide economic and social benefits to the 
villagers in a sustainable manner by generating common social and environmental capital on the 
principle of ‘all protect, all pay, and all receive’. Basically, this involves one time investment of cash, 
kind, technology and to convert into a self-sustaining process of production and reinvestment from a 
common village fund. It is a ‘multi-tiered, multi-rooted and multi-layered’ planting cycle which 
guarantees year around employment for all members of village society and gained returns in the 
short, medium and longer term from grass, vegetables, fruits and timber respectively.  
 
 
Methodology  
 
In Jharkhand, ‘Chakriya Vikas Pranali’ was initiated in the Palamu District in 1986 when the state of 
Jharkhand was part of the erstwhile undivided Bihar. The concept was more or less replicated in other 
districts by dedicated individuals and groups. In recent years, the concept gained momentum due to 
the few spirited persons and youths in respective districts. They have taken the initiatives to change 
their lot by forming groups, societies and co-operatives. In the present study, a qualitative study 
technique has been used wherein the authors made field visits to those districts where in-situ soil and 
water management interventions by the communities have been done. The authors visited the 
intervention sites and interacted with the communities/villagers/groups/societies/co-operatives 
involved in persevering to change their conditions for the better. On the basis of field visits and 
interactions with communities in some of the districts, the three districts viz. Bokaro, Palamu and 
Simdega are selected for the present case studies. These three distcricts were selected because of 
their successful interventions that made positive awakening amongst the communities which inspired 
them to believe they could improve their condition on their own through community based 
management of land, water and forests. 
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Case studies 
 
a) Palamu District 
Situated along the bank of rain-fed Koel River, Palamu District has a population more than 1.9 million 
with literacy rate of 65.5%. The net sown area of the district is 11.85% and area under irrigation is 
only 13.97% of the net sown area. Most of the land outside forest is fallow locally known as ‘tanr’. The 
concept of ‘Chakriya Vikas Pranali’ was initiated in Palamu District through the Society of Hill 
Resource Management School in 1986. The communities were trained in nursery techniques and 
motivated to adopt agro-forestry farming techniques for papaya, tubers, leucaena. One of the novel 
agro-forestry techniques is ‘Tie-Ridge tillage’ wherein the horticultural and forestry compatible tree 
species are grown on the bunds of the agricultural field. The tree species were selected according to 
the requirements of the individual farmer but mainly involve papaya, banana, lemon, guava, jackfruit, 
mango, gamhar and leucaena as these species are normally short rotation crops. The tie-ridges are 
also constructed for individual tree species. Further, various kinds of multi-tier vegetables are grown in 
each tie-ridge. The below-ground vegetables mainly involve ole, tapioca, turmeric and ginger. The 
above-ground vegetables are mainly lady finger, chilli, brinjal and tomato. Pulses especially, moong 
and arhar, are also grown in the tie-ridges. Here, compatibility of the species is crucial. 

 
The tie-ridge tillage improved soil and water availability to the plants as compared with traditional 
practice of planting without ridges, as the ‘rainwater is harvested on the spot’ in the tie-ridges. The 
agriculture, olericulture, horticulture and silvicultural activities carried out on the same piece of land 
increased the productivity from the farm leading to improved and productive dairy farming as well. 
Ultimately, framers’ income per unit land increased leading to self-sufficiency to a great extent. More 
and more farmers are adopting the improved farming technology. The experiment is being carried out 
in Bhusaria village mainly inhabited by primitive tribe ‘Pahariya’ with good results of common property 
resource management.   
 
b) Bokaro District 
One of the coal-rich industrialized zones of India, the district Bokaro has a population more than 2 
million with literacy rate of 73.48%. The district has a maze of valleys and sub-valleys formed by the 
River Damodar and its tributaries. The net sown area of the district is 6.74% and the area under 
irrigation is only 13.97% of the net sown area. People’s involvement through Joint Forest 
Management in Hisim Village (Kasmar Block) and Utasara Village (Peterbar Block) of the district are 
success stories. Local leadership of Mr Jagdish Mahto in Hisim Village and Mr Radha Nath Soren in 
Utasara Village supported by young foresters were crucial. The people were involved to protect 
natural forests and planted area. The efforts bore fruits. The people get firewood, bamboo and small 
timber on sustained basis. Forest Management Registers have been opened and made part of 
Working Plan. All removals from forest are recorded. Protection has yielded results. Saplings have 
become poles and the poles have become trees. 

 
A notable feature of Hisim and Utasara villages is the initiation of planting of asan and arjun tree 
species in private fallow land for sericulture. Bringing of tanr land under bamboo plantation and tree 
cover by planting useful tree and shrub species is to be seen to believe. This has brought 
unproductive land into production and acts as buffer to natural forests in reducing biotic pressure. 
Involvement of villages of Chandrapura and Bundu villages of Peterbar Block in the district in 
medicinal plant aspect of forest management is worth mentioning. Medicinal plants forming the under 
storey of forests had been earlier neglected in forest management. The programme comprised of 
three vital components: identification, propagation and utilization of medicinal plants. This created 
mass involvement of forest fringe villages in the protection of forest floor which is vital for water 
conservation. Training of villagers by qualified Ayurvedic (herbalist) practitioners boosted their 
confidence in propagating plant based medicines on sustainable basis.  
 
c) Simdega District 
Landscape formed of hills and undulating plateau, Simdega District has a population of more than half 
a million with literacy rate of 67.59%. The net sown area of the district is 20.94% and area under 
irrigation is only 4.18% of the net sown area. Dr. M.S. Swaminathan during one of his visits to 
Simdega was surprised to see vast stretch of fallow, barren land in the district. In Simdega District, a 
few spirited and educated youths guided by experienced thinkers and foresters formed a co-operative 
society the Simdega Agro Labour and Multipurpose Self-supporting Co-operative Society Ltd. in 2012. 
Mahua grows abundantly in the forests of Simdega District. Mahua flower is edible and is an important 
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food item for the people of this district. The byproducts of mahua are syrup for medicinal purpose, and 
fermented alcoholic drink. The seed of the mahua is also edible and its drink is part of cultural 
heritage in Jharkhand, and enjoyed by both men and women during celebrations.  

 
Before the formation of the co-operative society, the poor villagers used to collect mahua flowers and 
sell them in the market individually. But the co-operative society provided them better bargaining 
capacity and provided them good returns from the market from the sale of mahua flowers. 
Interestingly, each member of co-operative purchases one share of InR100 which may be cash or 
equal value of mahua flowers, tamarind or other produce. The money earned from selling mahua 
flowers were used as seed money for cultivation of maize and vegetables in land lying fallow since 
years due to lack of investment with the poor land-holders. The main activities involve soil and water 
management activities in Sonajhari River and its tributaries in the forest areas using low cost 
traditional technology. This involves using gunny bags filled with sand and erecting/piling across the 
main river and its tributaries. With the in-situ storage of water in the forests, the society is able to till 
their additional acres of otherwise tanr land.  

 
The society is able to harvest good returns through multi layered multiple cropping. Initially, the 
villagers were engaged in mono cropping but with the source of irrigation through conserved water, 
they are able to cultivate their land more than once. The farming is also done collectively as individual 
family contributes their tanr land to the society for collective farming. Now, the society is able to raise 
agricultural crops like maize and rice; vegetables like ole, beans, cauliflowers, cabbage, chilli, ginger, 
lady finger, tomato, potato, ginger, and turmeric. The horticultural crops are mainly mango, papaya, 
and lemon. Tree species along the bunds are short rotation species like gamhar, jackfruit and 
leucaena. A notable feature is that a part of the income goes to common fund which acts as future 
capital for investment in land and water management. With the increased income the society is able to 
purchase good quality seeds for better and more productive agronomic practices. During the field 
visits, the society was planning to construct ponds, wells and water channels for irrigation. The society 
plans to install drip-irrigation system so as to minimize waste of water thereby increasing utility per 
unit land and water. 
 
 
Results and discussion 
 
With the increase in productivity as well as increase in total land under cultivation due to in-situ and 
ex-situ water conservation, the villagers involved in the new and improved agronomic practices either 
in small groups (Palamu, Bokaro) or collectively through co-operative (Simdega) are able to come out 
from the dependency syndrome on the government and the weather. This new wave of awakening 
amongst the villagers around the intervention areas is attracting more and more villagers/ households 
to adopt improved practices and/or join the co-operative movement. Communities are realizing that 
with guidance, innovation, hard work, technology, unity and determination they can change their 
conditions of life on their own. This is the biggest feat of the concept of ‘Chakriya Vikas Pranali’ by 
harmonizing human and natural capital on sustained basis. 
 
 
Conclusion 

 
The case studies described in the paper clearly demonstrates how villagers could reverse dwindling 
resources of land, water and forests to productive use with the attitude of self-reliance and 
collectivism developed among them. The interventions have surely improved the economic base of 
the individuals and the community as a whole on sustained basis which is a good sign for better 
environment and happy humanity. 
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Forests and tree cover prevent land degradation and desertification by stabilizing soils, reducing 
water and wind erosion, and maintaining water and nutrient cycling in soils. Sustainable use of goods 
and services from forest ecosystems and the development of agro forestry systems have the potential 
to contribute to poverty reduction, making the rural poor less vulnerable to the impacts of 
desertification and land degradation. The recurrence of extreme weather events, climate change and 
the need for adaptations strategies are focusing national and international attention on water, water 
related eco-systems and watersheds (Darghouth et al. 2008). In addition the growing problems of 
water scarcity, environmental degradation, food insecurity and poor livelihood conditions and human 
health, highlight the interrelationships between forests and water (Calder et al. 2007).  
 
Forested watersheds are exceptionally stable hydrological systems. The need for incorporating 
services from forests into larger watershed management approaches for maintaining the integrity of 
watersheds and landscapes is therefore urgent and relevant (Bharat et al. 2005),  In comparison with 
other landuses, healthy forests strongly influence the quantity and quality of water yielded from 
watersheds, discharge lower storm flow peaks and volumes for a given input of rainfall, moderate 
variation in stream flow during the year, stabilize soil, and prevent gully and surface erosion (FAO 
2009). All of these ultimately impacts land productivity, food security and livelihood status of the 
population dependent on the land.  
 
 
Methodology 
 
This paper looks at the linkages between forests, water management, and the consequent impacts on 
livelihoods of the poor under the Sustainable Land and Ecosystem Management (SLEM) project of 
GEF. Outcomes of several projects under the Sustainable Land and Ecosystem Country Partnership 
Programme (SLEM-CPP) in India highlight the impact of SLEM practices on livelihood security. The 
SLEM approach contributes directly to poverty reduction at household and community levels, in 
addition to maintaining land quality and ecosystem integrity. It includes increasing vegetative cover 
through agro-forestry, reforestation and afforestation, and through ensuring sustainable extraction 
practices of natural resources, while also maintaining the integrity of watersheds and landscapes. The 
SLEM approach focuses to remove barriers to promote sustainable rural livelihoods that are 
ecologically sustainable and provide a broader range of livelihood options for the tribal/rural poor. The 
SLEM programme conceived as a multi-stakeholder project supports adoption and implementation of 
sustainable land and ecosystem management, the essence of which is to apply a multi-sectoral 
approach to land management, biodiversity conservation and climate change/adaptation issues in 
several states of India.  
 
Currently, six SLEM projects are being implemented in India with assistance from the World Bank, 
UNDP and FAO. The project sites under SLEM-CPP cover diverse ecological zones including arid, 
coastal and mountainous ecosystems; and address diverse aspects of land and ecosystem 
management including coastal agriculture, shifting cultivation, watershed management, and 
groundwater management. The SLEM project on “Policy and Institutional Reform for Mainstreaming 
and Up-scaling Sustainable Land and Ecosystem Management in India”, anchored at the ICFRE 
Dehradun, envisages identifying gaps and barriers to sustainable land management, and 
documenting best practices across the country, which could be up-scaled and mainstreamed.  In the 
SLEM programme, the multi-sectoral approach to combating land degradation also takes account of 
the need to conserve biodiversity and consider the implications of climate variability and change. It 
focuses on maintaining the integrity of watersheds and landscapes, increasing vegetative cover 
through agro-forestry, reforestation and afforestation, and improving water management.  An overall 
decreasing trend in land degradation is expected as well as an improved protection of ecosystem 
functions and processes, resulting in an increase in carbon stocks in the soil as well as in the 
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vegetative cover. The expected global benefits with regard to biodiversity will be obtained both in 
terms of ecosystem components and services. Through enhanced conservation and sustainable use 
of biodiversity incorporated in the productive landscape, global benefits will in particular be related to 
agro-biodiversity; and be obtained through agro-ecosystems managed as habitats for indigenous 
species, and through sustainable management of vulnerable habitats such as wetlands, drylands and 
mountains.  
 
 
Discussion 
 
Forests are critical to the eradication of poverty especially in the drylands. They are also the first step 
towards healing the drylands and protecting them from desertification and drought. In essence, 
Forests Keep Drylands Working. India has 69% of drylands, classified as arid (15.8%), semi arid 
(37.6%) and dry sub humid (16.5%). The core activities under the SLEM projects, currently operative 
in Madhya Pradesh, Andhra Pradesh, Uttrakhand, Nagaland and West Bengal, include regeneration 
of degraded forests by local communities, and afforestation, and support and training communities to 
operate, and bioresource based enterprises for livelihood promotion and economic empowerment. As 
a direct impact of the SLEM project interventions encouraging results are seen with respect to 
management of natural resources and several beneficiaries showing improved livelihoods.  
 
The SLEM in Uttarakhand focused on concerns over deterioration of water bodies, and highlighted 
that problems of water may be resolved by the sustainable management of ecosystems. The project 
also focused on controlling land degradation through the SLEM approach at watershed level by 
watershed planning through community participation fostering markets for non-timber forestry 
products and biodiversity conservation and management. Through the project interventions more than 
20 microwatersheds have been treated and land degradation controlled through forestry plantation, 
forest fire management, soil moisture conservation measures, water augmentation activities, revival of 
water mills (Gharat), and cultivation of medicinal and aromatic plants. The Decentralized Participatory 
Approach involving Panchayati Raj Institutions was followed and de facto financial autonomy given to 
PRIs in handling project funds. As a policy initiative under the project, Van Panchayats as an 
institution treated reserve forest areas within a prescribed plan and the women Aam Sabha has 
integrated women issues in Gram Panchayat watershed development (GPWDP) planning and 
implementation. The physical impacts of the project show:   
 

• About 140056 cu m of soil loss has been arrested  
• Approximately 182.07 ha of agriculture land has been protected   
• Total Water holding capacity created  –  50095 cu m 
• Rejuvenation of water sources  –  270 

 
Biogas plants have also been established and about 17 households are using bio-gas for 8 months in 
a year. The biogas intervention has been able to replace the fuel wood by 75 to 80%. Fuel wood load 
from the forest has been reduced from an estimated 40 950 kg to 8 830 kg. The net 32 120 kg of bio 
mass conserved is equivalent to protecting 30 trees annually and reducing more than 45 tons of CO2 
emission. The women drudgery has been reduced as they are saving approximately 2.5 hrs daily. 
Biogas production from each plant is estimated at 488 cu m equivalent to 2010 kg firewood valued at 
InR8040 per year. The value of slurry produced is InR5256 per year. The yield of crops and 
vegetables has increased by 10 to 30% after application of biogas slurry. 
 
The impact of the revival of watermills under the projects has also highlighted positive results of the 
project intervention. It has led to potential annual saving in diesel consumption up to 78 247.3 l. The 
milling capacity of the traditional watermills among the sample gharats increased to 80 to100 kg per 
day during July–October (reduced slightly in non-rainy months), and their average efficiency 
increased from 46.79 to 68.76 kg per day per yr (31.95%). The per capita income increased from 
InR3606 to InR6243 per year. The revival of the watermills has also led to an interesting 
convergence. The Jai Siddhnath Self Help Group (SHG) of Baisani in Bageshwar Division has 
installed improved mechanized system to run rice mill and to generate electricity of 2.5 kW with the 
help of Uttarakhand Renewable Energy Development Agency (UREDA). This electricity is being 
distributed to one Junior High School and four households. Each household contributes InR100 per 
month to the SHG for operation and maintenance and other related works.  
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Horticulture and agroforestry plantations introduced in over 11 000 ha of land under the SLEM project 
in Nagaland has increased forest cover and additional income generating activities in project areas. 
Over 800 jhum-practicing households have benefited from the introduction of integrated farm 
development practices that integrate crop, livestock, fishery, forestry and horticulture, and reduce soil 
erosion.  There has been an increase in average incomes of 4,000 households by 15–20% annually 
and increase in incomes of 3,000 women by 10%.  
 
The SLEM project in Madhya Pradesh aims to remove barriers to promote sustainable rural 
livelihoods that are ecologically sustainable. Main activities in the project include regeneration of 
degraded bamboo forests by local communities, energy and fodder plantations, and support and 
training to communities to operate bioresource based enterprises for livelihood promotion and 
economic empowerment. The soil and conservation activities have led to increased productivity, 
reduced soil loss and peak discharge.  
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Over-exploitation of natural resources is resulting in their severe degradation, leading to diminishing 
water resources, declining forest cover, depleting energy sources, loss of biodiversity and generation 
of various kinds of wastes. These are a number of  problems confronting the management of water 
resources During 1947 to 2002, average annual per capita water availability declined  by almost 70% 
due to increase in population and industrial demands there has been ground water depletion, 
vanishing wet-lands, heavy siltation in tanks and shrinking storage capacity of reservoirs. (Yadav et al. 
2010). 
 
Watershed management is an approach integrating the efficient harvesting, conservation and 
scientific utilization of scarce rainwater resource for enhancing agricultural production in an eco-
friendly and sustainable manner (Batta et al. 2010). 
 
The Watershed Management Directorate, Uttarakhand recently implemented a World Bank funded 
Uttarakhand Decentralized Watershed Development Project (UDWDP) popularly known as Gramya 
from 2004-2012. The project was conceived with the objective of improving the productive potential of 
natural resources and increase the incomes of its rural inhabitants in selected watersheds through 
socially inclusive, institutionally and environmentally sustainable approaches. 

 
 
Project area description 
 
The project covered an area of around 2348 km2 in 76 selected micro-watersheds (MWS) in Middle 
Himalayas covering 468 Gram Panchayats in 11 hill districts of the State. The following is a case 
study of impact of a Decentralized Watershed Management approach towards Ground Water 
Augmentation and Source Rejuvenation in Okhal Kanda and Dhari Block of Nainital District.   
 
The Nainital project division comprised of five micro-watersheds (MWS) covering 40 typically hill 
villages having tough, inaccessible terrain with agriculture as the main source of the livelihood. The 
agricultural economy in the hills is essentially subsistence on fragmented land holdings in sloping 
terraced fields with limited scope of mechanisation.  

 
Due to water scarcity, habitats face problems of water for irrigation and drinking. The locals are largely 
dependent on seasonal naulas (traditional water sources) and dharas (natural springs) for water 
which is also available for limited months. Women drudgery in these hilly areas is very high as they 
have to walk for long distances to fetch water during lean months and to collect fuel wood and fodder.  
 
In the year 2006–07 the project team commenced working in these areas through the Water and 
Watershed Management Committee (WWMC), a statuary committee approved under the Panchayati 
Raj Act. The locals listed tackling water scarcity as their development priorities. The project team 
educated and motivated people about the importance and need of water recharge, water conservation 
and water use-efficiency. The Van Panchayats were also convinced about the water recharge 
interventions required to be carried out in the forest areas.   
 
 
Interventions  
 

• Dug-out ponds of 100 cu m and 200 cu m. capacity, conforming to the available land size, 
were dug by the villagers. Chawla et al. (2001) and Khepar (2001) have also reported the role 
of village ponds in recharging the ground water aquifers. 

• To provide an impediment to the rush of rainwater and to arrest silt, contour trenches were 
dug in staggered pattern, surrounding the ponds. Each contour trench measured 3.0 x 0.5 x 
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0.5 m, provided with a filter strip of suitable grasses like the broom, guchchi, dolni and lemon 
grass. On both sides of each trench two broad leafed variety species were also planted.  

• Areas in Van Panchayats in the vicinity of villages were planted with Quercus (Oak), Salix 
(Majnu), Khirsoo and Acacia species. Assisted natural regeneration (ANR) of Oak was done 
in some Van Panchayats.  

• In the upper catchments of the micro watershed (MWS) in the Van Panchayats and Reserve 
forests, vegetative check dams were built, dry stone check dams were made in the middle 
ridge and gabion structures were constructed in the lower ridges, which were effective in 
controlling soil erosion and water recharge of the ground water aquifers. Drainage line 
treatment of the streams which caused soil erosion and landslides in the villages threatening 
agriculture land and habitations were carried out.  Sunken structures/dugouts are a 
recommended practice in treatment of the upper, middle and lower reaches of drainage lines 
and accompany the other conservation measures such as contour vegetative hedges, 
vegetative filter strips, bank erosion stabilization, gully plugging, loose-boulder checks. (Batta 
et al. 2010). 
On the lands with gentle slope on sides, diversion drains were dug on either sides to trap the 
runoff from flowing across, guiding it for collection into the ponds. There are large number of 
indigenous, advanced and combination technologies available for rainwater harvesting, both 
ex situ and in situ for multifarious “on farm” and “off farm” use. Runoff management are those 
that help in conversion of surface runoff into sub-surface flow for ground water recharge in the 
rainwater catchment (Batta et al. 2010).  
 

Aforementioned interventions were implemented as a package of practice in the following Gram 
Panchayats: 

 
Development Block Micro Watershed (MWS) Gram Panchayat (GP) 

Okhal Kanda Khujetigad Katna 

Okhal Kanda Sunkote Talla Kanda 

Okhal Kanda Pashyagad Thali 

Dhari Dolgad Selalekh 
 

 
Impact of interventions  
 
The various traditional water sources in the four Gram Panchayats of the shortlisted microwatersheds 
were monitored for the duration of water availability and the water discharge in the lean months of 
March. The data regarding the duration of water availability and water discharge are as follows: 
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Enhancement in ground water recharge is evident from the year round availability of water in springs 
and streams as compared to 7–8 months of availability before project implementation. Availability of 
assured irrigation by irrigation tanks has impacted the area under cultivation, cropping pattern, and 
productivity. The water surplus created by above noted interventions has enhanced agricultural 
production and led to diversification of production systems. In Dolgad MWS alone,  area under 
vegetables has increased by 1.43 times, while total vegetable production has increased by 3.51 times 
due to increase in irrigation potential, availability of quality inputs and improved package of practices 
for cultivation. 
 
The surplus produce has opened doors for potentially lucrative market value chains. Such chains 
have been further enhanced by organizing farmers into 16 farmer interest groups involving 252 
farming households and scaling them up into federations for market linkages. The production of high-
value crops in irrigated area has increased by 49.95% as compared to 35.71% in un-irrigated areas. 
The total production of high value commodities (e.g., peas, cabbage, beans, tomato, turmeric) is to 
the tune of 1850 tons from 200 hectares of cultivable area. At the household level, the production of 
high-value crops has increased the returns by 17 to 20%. The motivation of economic gains has 
contributed to sustainability of improved farm practices and maintenance of the supply chain. 
 
The Final Impact Assessment Report of the Project conducted by the External M&E Consultant The 
Energy Research Institute (TERI), New Delhi also shows that the water security issues were 
addressed through this project which also resulted in increased productivity from the Agriculture 
based system.  Impacts of some of the interventions are as follows:  

 
 82.34% of households spend less than 1 hour to access water in dry season as against 

68.37% at the start of the project.  
 7% increase in house hold income in real terms due to promotion of livelihood activities.  
 21% increase in area over baseline of improved varieties, high value crops. 
 27% increase in the net value of produce realized by farmers. 
 5.5% increase in the biomass index in the MWS.  

 
 
  

 
Gram 

Panchayat 
Water sources 

Before Project ( 2009) After Project (2013) 

Duration of 
water 

availability 
(Months) 

Months for 
which water 

is 
unavailable

Water 
discharge 

(LPM) 
March 

Duration of 
water  

availability 
(Months) 

Months for 
which water 

is 
unavailable

Water 
discharge 

(LPM) 
March 

 
Talla Kanda 

Matiyali-1 Naula 10 2 1.7 12 - 3.6 

Matiyali-2 Naula 10 2 1.5 12 - 3.5 

 
Thali Khar Naula 10 2 0.75 12 - 1.2 

Dubra Naula 10 2 1.7 12 - 3.3 

Katna Gaud Naula 8 4 1.2 12 - 4.6 

 
Selalekh 

Ratoura Naula 8 4 8 12 - 14 

Lamejar Naula 7 5 6 12 - 12 
Badna  Naula 8 4 8 12 - 12 
Kanala Dhara 7 5 8 12 - 12.5 



Asia Pacific Workshop on Forest Hydrology 
Water and Forests: Beyond Traditional Forest Hydrology 

 

146 
 

Conclusion 
 
In watershed management projects, mechanical/engineering structures are harmoniously blended 
with suitable vegetative conservation measures. This approach aims to optimise moisture retention, 
helps conversion of surface runoff into sub-surface flow to improve recharge, reduce soil erosion and 
enhance long term production and productivity, especially of vulnerable and degraded lands (Batta et 
al. 2010).  
 
Such projects focus on integration of ecosystem management with human development needs for 
long-term sustainability and resilience of the watersheds. Hence interventions such as improved 
management of soil and water were linked to enhanced direct use values such as increased 
availability of surface and groundwater for domestic use, irrigation and livestock, which in turn led to 
reduction in top soil erosion and reduced vulnerability to Climate Change like flooding and erosion 
during extreme events. Improved soil and water management also contributed to increased 
productivity and an opportunity for farmers to grow high value produce, resulting in agriculture 
becoming a viable business option.  
 
According to Yadav et al. (2010) watershed management projects can be sustained only if these are 
implemented with community participation. Keeping the aforementioned facts in focus, and with an 
objective of promoting community participation in the project, the project interventions were prioritized 
through Participatory Rural Appraisal in a community driven decision making approach. As the project 
was implemented in a decentralized approach, all the activities were planned, implemented and 
managed by the village communities. Biodiversity conservation groups were formed in the villages, 
which were supported by the Van Panchayats in protection and maintenance of the structures and 
plantations. People have been trained on sustainability issues and social fencing, they have 
appointed a local from the village to protect the plantations. For maintenance of community assets 
(viz. ponds, trenches, checkdams and plantations) Gram Pradhan and Van Panchayat Sarpanch have 
committed in writing (signed MoUs) to do maintenance of these assets with ongoing and other 
ongoing and forthcoming programmes/ schemes like MNREGA. 
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Food, nutrition and water security for ever growing population is emerging as a global priority of 21st 
century in face of fierce competition for food, water, declining natural resources and ecosystem 
services. In this context, sustainable land and ecosystem management (SLEM) is vital, considering 
phenomenal all-round development causing degradation of land, water and forests. Water and forests 
are fundamental basis of life. Impacts of forests on hydrological regime through influences on rainfall, 
interception, runoff, soil erosion, moisture conservation and ground water recharge have to be 
understood under contextual setting beyond traditional hydrology. Soil and water conservation in 
context of forests begins with soil working from pre-planting and continue across the life cycle of the 
plant. Smart forest management is needed for regulating the hydrological cycle to ensure everlasting 
availability of fresh water and ground water recharge, which is emerging a key issue particularly in 
water scarce dry areas.  
 
Popular myths that forests perform extremely critical watershed functions: as they enhance rainfall, 
act as “sponges” that prevent floods during the monsoon and release water during dry season, and 
prevent soil erosion, have been contested by the growing knowledge of higher consumption of water 
by trees compared to other vegetation such as grass (Calder 1979, Scott and Lesch 1997, Finlayson 
1998). Forest canopy must be managed to optimize the opportunity time of infiltration and outflow 
from the dense forests. Broad leaf forests accentuate soil erosion by coalescence of raindrops which 
acquire terminal velocity by falling from high trees. In such forests, leaf litter and under storey also 
play dominant role in reducing beating action of rain drops and reducing erosion. Management of 
under storey and leaf litter has immense bearing on the water and sediment yields from such forests. 
Soil and water conservation, and forest management on landscape basis, have cascading effect in 
the zone of influence impacting the productivity of land and ecosystem services.  
 
 
Methodology  
 
Two case studies were conducted under the SLEM project:  
 
1. Twenty micro watersheds, located close to the agricultural frontier with weak socio-economics of 
people and high erosion indices, covering an area of 60 000 ha, were selected in the mid-Himalayas 
at 700 to 2000 m elevation in Uttarakhand. Soil conservation works on non-arable land, forest 
regeneration, pasture/silvi-pasture development, contour bunds, vegetative barriers and ground water 
augmentation through rainwater harvesting in ponds, were the main interventions. The approach 
envisaged bottom-up need-based community planning and local governance in execution. Watershed 
outputs were measured by performance indicators in terms of sustainability, adoption of innovative 
technologies for enhancing water availability, reduction in community dependency on forest for fuel 
wood, and marketing medicinal and aromatic plants through self help groups (SHG). Afforestation with 
Bauhinia, Alnus, Oak, Ficus, Grevia, Albezzia, Toona species were established on 203 ha in reserved 
forest and 627 ha in other places. Aided natural regeneration and silvicultural operations were carried 
out in 115 ha oak plantation in patches where ever possible. 
 
Drainage line treatment comprised of vegetative brush wood check dams (491) on first order streams 
supported with conservation species like Agave; dry stone check dams (21 182.98 cu m) and wire 
check dams (50 836.41 cu m) in the upper and middle catchments. In SLEM area, 89 130 contour 
trenches (3.0 m x 0.5 m x 0.5 m) were dug and two rows of fodder or lemon grass along with two 
broadleaved tree species were planted on the lower side of such trenches. Diversion drain (10 675.05 
cu m) and cement, crate wire and dry cross barrier and retaining wall (8,630.25 cu m) were 
constructed. River bank protection was by the construction of crate wire (18,988.08 cu m), bonded 
wall (944.84 cu m), mortar work (4,082.92 cu m) and crate wire spur (1939.18 cu m). 
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2. A community driven project on SLEM through integrated watershed management, joint forest 
management (JFM) and suitable livelihood development was initiated in Betul, Chhindwara, Siddhi 
and Umaria districts of Madhya Pradesh. The project envisaged sustainable watershed management 
of forest and non-forest land, rehabilitation of degraded bamboo forest and improvement of 
productivity of rain-fed lands. An area of 3,000 ha was treated with soil and water conservation 
measures like vegetative, brushwood and crate wire check dams, contour trenches, and plantations of 
amla, mohua, neem species. Dinnanath and Stylo hamata grasses were planted on the side of 
contour trenches: An area of 789 ha of degraded bamboo forests was rehabilitated involving poor 
tribal families living on degraded lands on forest fringes. This provided them a monthly income of 
InR2500 per family. These families were also involved in making kadi (bamboo sticks) from discarded 
bamboo and growing seasonal vegetables for their use and selling in the local market. In addition 
energy plantations were raised in 220 ha with subabool, neem, cirus species and an area of 190 ha 
was covered with fuel-fodder tree species to provide fuel wood to the locals and reducing pressure on 
the forests. Horticulture, medicinal and aromatic plants (220 000 plants) were distributed to the 
beneficiaries for development of kitchen gardens and homesteads for their use and selling in the local 
market. 
 
 
Results and discussion  

 
In the State of Madhya Pradesh, watershed interventions helped increase productivity, reduce peak 
rates of discharge, soil loss and improved environment. Degraded bamboo forest has been 
successfully rehabilitated. The economic analysis based on a 7-year project cycle and 12% discount 
rate yielded a Net Present Value (NPV) of InR28 820 and Benefit/Cost Ratio (B/C) of 1.28:1 at an 
Internal Rate of Return (IRR) of 21.4%. The investment can be recovered within a period of 6 years. 
Apart from rehabilitation of bamboo forests; employment generation, poverty alleviation, improvement 
of socio-economic conditions of tribal communities, control of land degradation, improvement in bio-
diversity and ecological benefits were long term gains through the project.  
 
In the case of Uttarakhand watershed, interventions such as drainage line treatments and soil and 
moisture conservation measures have protected 182 ha of agricultural land (Table 1), which yielded a 
profit of InR3.82 million and reduced soil loss of 93 370 tonnes (Anonymous 2012). Two ground water 
recharge ponds having catchment area of 7 ha and water storage of 0.75 million litre near the ridge 
line in Nainital District stored runoff water and controlled expansion of gullies locally called (Gadera) 
downstream, recharged ground water and rejuvenated springs (Naula) for drinking purpose. In 
another case, an old spring at the verge of drying with a discharge rate of 7 l/min recorded an 
increase in discharge rate of nearly 11 l/min and the stream started flowing for longer duration due to 
the land treatment. The major benefits of SLEM on forest watersheds revealed hydrological regulation 
(groundwater recharge), low-flow augmentation, flood moderation and soil conservation. The effect of 
soil and water conservation in the forest fringe areas and contiguous agricultural land have resulted in 
remarkable improvement of surface water resources, augmentation of ground water and base flow, 
which emerged as springs in lower reaches. The surplus water was collected in an irrigation tank and 
utilized for supplemental irrigation of nearly 3 ha of vegetables, being exported by the self help 
groups, which further improved their livelihood.  
 
The groundwater level is extremely sensitive to each year’s rainfall. The geological conditions 
dominated over all other factors, and influence of forest cover on recharge may be minimal. 
Recharging of the permanent groundwater table and other linked aquifers seem to happen primarily 
when the stream floods in response to a heavy rainfall event. In a drought year, the low groundwater 
level prevents extraction beyond a point, forcing the farmers to switch on to less water requiring crops 
and reduce the water use. A good year can result in the doubling of net incomes from agriculture as 
compared to a low rainfall year.  
 
The hydrological studies conducted in the Western Ghats (Anonymous 2007) suggest that the deeper 
aquifer in Arepalya is well connected with the shallow aquifer, and hence the recharge entering the 
latter is quickly available to bore wells tapped by the farmers. Indeed, it appears that the major 
recharge is taking place not in the hilly catchment but in the streambed in the flatter valley portion, 
which is highly porous consisting of several meter thick layers of accrued sediment. Thus the 
groundwater in wells rises significantly with valley floods. These studies suggest that considerable 
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recharge to ground-water is possible under relatively undisturbed dense evergreen forests, in spite of 
high predicted evapo-transpiration. The “Calder-Ian” fear that such dense forest might be transpiring 
large fractions of the rainfall and hence leading to depletion of stream flows seems to have little 
relevance in the Western Ghats, where soil hydraulic conductivity is generally very high, rainfall is 
concentrated into 4–5 months, and ecosystems have adapted to moisture stress during the dry 
season by encouraging more deciduous behaviour in the trees. This hypothesis may also be true for 
the Uttarakhand regions with sandy geomorphology and high rainfall.  
 
A pragmatic SLEM approach is therefore indispensable for smart forest management envisaging soil 
and water conservation for augmentation of water resources, sustainable productivity and ecosystem 
services, which can be articulated through sustainable integrated management of resources on 
landscape or watershed basis.  
 

Table 1. Impact on soil and water conservation works and drainage line treatment 

Treatment Quantity 
Soil loss 
reduction  

(cu m) 
Total soil reduction 

(estimated) 

Veg. Check dam (No.) 491 0.25 122.75 

Stone Check dam (cu m) 72018.41 1 72018.41 

Diversion Drain (cu m) 10675.05 0.1 1067.505 

Contour Trenches (No.) 89130 0.75 66847.5 

Total Soil reduction in cu m (estimated)   140056.2 
1 cu m of soil loss reduction due to soil 
protection   0.0013 

Total area of agriculture top soil protected   182.07 ha 

1 cu m of soil loss   1.5 tonnes 

Total soil loss reduced   93370.8 tonnes 
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Rainwater harvesting during rainy season when water is in excess and using it during water scarcity 
period for crop production and even for drinking purpose, is an age old tradition in India. Natural 
resource conservation through rainwater harvesting, regenerating degraded forests and reducing soil 
erosion is the first step to reverse the vicious circle of poverty and land degradation. Participation of 
local communities is essential in all such endeavours. Northern parts of Haryana comprising of 
Yamunanagar and Panchkula districts and parts of union territory Chandigarh fall in Shiwalik 
hills/foothills. They are characterised by rugged and undulating terrain with slope varying from gentle 
to very steep and annual rainfall is around 1100mm and major share is received during monsoon 
season (July to September). The local communities are directly dependent upon forest for livelihood. 
Till mid-seventies, almost all Shiwalik areas in Haryana and Chandigarh were denuded, the erosion 
was severe and people of the area faced acute shortage of water during summer months. The people 
even had to migrate during summer months for feeding their livestock. The process of eco-restoration 
of forests and prosperity in the region started with participatory forest management approach 
involving forest department and local communities. It all started in late seventies in a village called 
Sukhomajri in district Ambala (now Panchkula). This village is located in the lap of Shivalik hills near 
Chandigarh and is catchment area for famous man made Sukhna Lake of Chandigarh. It is a village in 
the erosion prone Shivalik hills where there was a severe problem of soil erosion leading to silting up 
of Sukhna Lake. The people of Sukhomajri and forest department had different directions. Usually 
local people had no access to forest resources, the forest department officials use force for the 
protection while and the people cut the trees and graze their animals against the conservation 
regulations of the forests. 
 
After a series of dialogues between soil conservation experts, forest department and local 
communities, water was identified as the catalytic agent for bringing ecological and socio-economic 
change and accordingly four earthen rain-water harvesting dams were constructed in the village. This 
water was utilized for growing food and fodder crops and even for drinking purpose. The water 
brought prosperity to the village. Temporary migrations stopped and people started protecting forests 
and watershed. The soil erosion was reduced considerably and quality of forests was improved as a 
result of improved soil moisture regime. 
 
Very soon in early eighties, Sukhomajri model became a worldwide fame and this model was 
replicated throughout Haryana and Chandigarh Shiwaliks (Dhar 1994). Thereafter, over 200 and 190 
such earthen dams have been constructed in Haryana and Chandigarh, respectively. The process is 
still on and most of them have brought ecological and economic prosperity in the region. People have 
sold goats, have started rearing buffaloes and have resorted to stall feeding. The thatched houses 
have been replaced by pucca ones. People have shifted to cash crops due to availability of water year 
around. However, in some cases, desired results have not been achieved due to posting of untrained 
staff and lack of follow-up dialogue between forest department and villagers.  
 
 
Methodology 
 
The study was conducted in Shiwalik belt of Haryana State of northern India and Chandigarh. Three 
villages: Sukhomajri (Panchkula District), Rampur Gainda and Paniwala (Yamunanagar District), were 
selected in Haryana for this purpose. Chandigarh was also selected for the study as the rainwater 
harvesting dams have turned dry stony Shiwalik foothills into lush green forests with assured 
perennial flow of water. On the spot study in these villages was conducted by visiting the site and 
holding face to face dialogue with people. The data was collected after long discussions with people. 
While the old data was compared with figures available with forest department (Anonymous 2010), 
the new data was confirmed by actually conducting the on-the-site survey. 
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Results and discussions 
 
The results of the study of discussion with people and on spot study for three villages:. Sukhomajri, 
Rampur Gainda and Paniwala, are described below. For Chandigarh the study was conducted in 
forest as there are no dependent villages. 
 
1. Sukhomajri (District Panchkula): 4 dams, command area 50 ha 

 
Socio-economic change 
 It can be seen from Table 1 that area under crops like sugarcane, paddy and wheat has increased 
due to year round availability of water. With the increase in availability of irrigation water and improved 
agro-techniques, the yield in the post-project also increased many fold (Mittal 2006). The loss of area 
under some crops is due to the shift towards high cash value crops or wildlife damage/pest attacks. 
Table 2 shows that the villagers have sold the goats, sheep and almost all cows, and are rearing 
buffaloes. The literacy has increased from 20% in 1975 to 100% in 2013 (Grewal et al. 1994). The 
young generation goes to public school. Thatched mud houses have been replaced by brick and 
cement ones. Residents of the area have the all possible required electronic gudgets, which were 
completely missing in the pre-project period.  As much as InR50 000 is earned daily from the sale of 
milk. 
 

Table 1. Pre and post-earthen rainwater harvesting dam: crop and yield scenario 
Crop Pre (1976) water harvesting 

dam scenario 
2013 scenario 

 Area (ha) Area (ha) 
Maize (Zea mays) 8.73 2.00 
Sorghum, Fodder (Sorghum bicolour) 4.70 2.00 
Black gram (Vigna mungo) 1.00 --- 
Paddy (Oryza sativa) --- 40.00 
Wheat (Triticum aestivum) 8.60 50.00 
Bengal gram (Cicer arietinum) 2.25 --- 
Sugarcane (Sachharum officinarum) 1.20 45.00 
Egyptian clover (Trifolium 
alaxandrinum) 

--- 20 

 
Table 2.  Pre and post-earthen rainwater harvesting dam: domestic animals scenario 
Animal Pre (1980s) water 

harvesting dam 
scenario (No.) 

Milk 
production 

(Kg) 

2013 
scenario 

(No.) 

Milk 
production 

(Kg) 

Goat (Capra hircus) 250 5.00 --- --- 

Sheep (Ovis aries) 250 --- ---  

Cow (Bos indicus) 100 300 10 100 

Buffalo (Bubalus 
bubalus) 

5 75 300 3000 

 
 
Ecological Changes  
As a result of stall feeding, the tree density per hectare has increased from an average of about 60 to 
more than 300 trees per hectare. However, native species like khair (Acacia catechu), Gum arabica 
(A. nilotica), Tree of sorrow (Nyctanthes arbortristis), Christ’s thorn (Carissa carandus) and Sabai 
grass (Eulaliopsis binata), etc. have been suppressed by invasive alien species like Spanish flag 
(Lantana camara), which is spreading very fast in the area. Ten tube wells are today functioning as a 
result of rise in water table. There was none before 1976. 
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2. Rampur Gainda (District Yamunanagar) 1 dam, command area 60 ha 
 
Socio-economic changes 
The event change is similar to the Sukhomajri watershed (Table 3). All kachcha houses have been 
replaced by pucca ones as a result of income from crops like sugarcane and wheat. Villagers have 
less cows and more buffaloes, and are selling milk besides meeting their own requirement. 
 
Ecological Changes 
The whole catchment area has been rehabilitated and silt load has been reduced considerably. Water 
table has increased from 21 to 10.6m people had adopted agro forestry. There are about 2500 trees 
to mainly of Eucalyptus and poplar (Populus deltoides) against none before 2006. 

 
Table 3. Pre and post-earthen rainwater harvesting dam: crop and yield scenario 

Crop Area before 2006 (ha) Area  in 2013 (ha) 

Maize (Zea mays) 20 2 

Pearl Millet (Pennisetum glaucum) 10 0.75 

Peanut  (Arachis hypogaea) 6 1 

Paddy (Oryza sativa) 2 60 

Cheri (Sorghum bicolor) 12 4 

Wheat (Triticum aestivum) 6 80 
Egyptian Clover (Trifolium 
alaxandrinum) --- 3.5 

Sugarcane (Sachharum officinarum) 2 40 

 
3.   Village Paniwala (District Yamunanagar) 1 dam, command area 58 ha 

 
Socioeconomic and ecological changes 
Except four kachcha houses, all houses have been replaced by pucca ones, reflecting the prosperity 
in the area. They have resorted to stall feeding. The children go to nearby public schools. The 
catchment area has been rehabilitated. Water table has increased from 18 m to 10 m. People have 
started adopting agroforestry for enhanced on-farm economy. There are about 3000 poplar trees 
against none before 2006. 
 

Table 4. Pre and post-earthen rainwater harvesting dam: crop and yield scenario 
Crop Area before 2006 (ha) Area  in 2013 (ha) 

Maize (Zea mays) 24 --- 
Pearl Millet (Pennisetum glaucum) 8 --- 
Peanut  (Arachis hypogaea) 8 --- 
Paddy (Oryza sativa) --- 42 
Cheri (Sorghum bicolor) 8 7 
Wheat (Triticum aestivum) 15 32 
Egyptian Clover (Trifolium alaxandrinum) --- 4 
Lentil (Lens culinaris) 2 2 
Sugarcane (Saccharum) 2 40 

 
Ecological prosperity through rainwater harvesting in Chandigarh  
There are no villages dependent upon forests in Chandigarh. However, there have been nearly text 
book pattern changes in eco-restoration of biodiversity. As a result of construction of 190 water bodies 
in Sukhana Wildlife Sanctuary, the underground water regime has been improved considerably. The 
rate of soil erosion has been reduced from 160 MT/ha/year (in 1988) to 5.6 MT/ha/year in 2004. 
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Negligible amount of silt is coming to Sukhna Lake and its life has been enhanced. There is perennial 
flow of seepage water in seasonal streams/choes and the sanctuary has rich wildlife due to availability 
of water and palatable fodder year around. Wildlife including Sambar Deer (Cervus unicolor) and 
Spotted Deer (Axis axis), together with a large variety of chirping birds, honey bees and butterflies, 
are abundant now. Occasional sightings of leopard (Panthera pardus) and barking deer/ muntjac 
(Muntiacus muntjac) prove beyond doubt that healthy forest exists in Sukhna Wildlife Sanctuary. 
 
 
Conclusion 
 
It can be concluded from this study that water acts as a catalyst in bringing the ecological and socio-
economic prosperity. Constant dialogue with people bridges the gap between forest department and 
people, and people in return protect forests, biodiversity and watershed. People participation is key to 
conservation and working in isolation however, widens the gap leading to ecological and economic 
disasters. Equity in common property resources must be emphasized to ensure the success of the 
mission. 
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Rain is the main source of water for raising forestry plantations, growing agricultural crops and the 
drinking water sources. However, concentration of rainfall to a few events results in runoff losses of the 
order of 20 to 40% and influences loss of water and nutrients (Liu et al. 2008).  Soil erosion reduces 
water availability by reducing soil depth and contributing to the formation of surface soil crusts (Sarah 
2004). Formation of rills and gullies, promoted by soil erosion, increase runoff on the slopes and 
provide efficient pathways to drive water out of the system (Bracken and Croke 2007). The 
relationship between rainfall and runoff is important for its application in adopting control measures. 
By knowing relationships between soil physiography, vegetation status, the hydrological behaviour of 
the area can be defined and the hydrological responses of the area could be easily predicted. To 
minimize and control water, soil and nutrients losses water retention structures are prepared and 
utilized (Schröder et al. 2004). Many site-specific rainwater harvesting (RWH) structures have been 
designed to address the problem of soil water and nutrient losses issues and to improve crop yield, 
forage production and plant growth (Gupta 1995, Mati 2005, Jia et al. 2006).However, sustainability 
and eco-hydrological functioning of various RWH techniques depends upon the timing, number of rain 
days and the amount of rainfall (Cohen et al. 1995). Study on ecological and hydrological interaction 
may determine the resource use and its influence on plant growth (Yu et al. 2008). Therefore, 
objectives of this study was to study the efficiency of different rainwater harvesting structures in 
controlling soil, water and nutrient losses and growth of herbaceous vegetation.   
 
 
Methodology 
 
The study was carried out at the junction of Aravalli Hills and Malwa Plateau covering an area of 
about 17 ha, which spread over 23º25′27.0″ N to 23º25′43.4″ N latitudes and 74º24′00.5″ E to 74º24′ 
23.1″ E longitude. Altitude of the area ranged between 248 to 320 m asl. The site is located 17 km 
south -west of Banswara (23º32′28.2″ N and 74º26′30.3″ E), Rajasthan, India. It was a degraded hilly 
forest lands covered mainly by P. juliflora and L. camara bushes and the grasses like Dichanthium 
and Cenchrus spp. Seventy-five plots each 700 m2 were laid out in three slope categories viz. <10%, 
10–20% and >20% of a degraded hill and were treated with rainwater harvesting (RWH) structures: 
Contour trench (CT), Gradonie (GD), Box trench (BT) and V-ditch (VD) including a control to 
rehabilitate the degraded hill by conserving and minimizing gradient in soil water and nutrients. Thirty 
five seedlings of Acacia catechu, Azadirachta indica, Emblica officinalis, Gmelina arborea, Holoptelia 
integrifolia, Syzigium cumini, Tectona grandis and Zyziphus mauritiana were planted in August 2005 
under mixed plantation and the site was kept under protection to facilitate natural regeneration. Plots 
were fixed at area basis so that all the water moving in the run-off should drain from a single point, 
where run-off measuring device was installed. Looking into the sociology of the area, the run-off loss 
measurements was done by run-off collection in the tanks of capacity 1000 l (Miller 1994). 
Excavations of tanks, erection of tank walls and their plastering were done to avoid any seepage loss 
from the tanks (Figure 1). The tanks were constructed at the water draining point and were cautiously 
made to avoid any water inflow from other areas. Provision was made to collect one-twentieth part of 
run-off in the tank. Water discharge was measured at different time interval and rain fall during 
September 2005 to October 2009. Total amount of run-off was calculated as percentage of the total 
rainfall received in the plot. Water samples were collected from the half of the height of the water table 
after homogenising the collected water in the tank (Figure 1). Water from the different sampling time 
was mixed together to form a composite sample of many rains. Each sample was analyzed for pH, 
electrical conductivity (EC) and total dissolved solid. Nitrogen (NO3-N and NH4-N) and phosphorus 
(PO4-P) in the water were analyzed colorimetrically using standard procedure (Jackson 1973) using 
UV-Visible spectrophotometer.  
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Figure 1. Preparation of run-off measuring device (left) and sampling of water collected in tank for 
analysis 

 
 
Results 
 
Runoff losses 
Average of four years of observations indicated a run-off of 10.46% of the total rainfall. The lowest 
(P<0.05) amount of run-off loss was from <10% slope area (8.72%), whereas the highest surface run-
off (12.21%) was from 10–20% slope area. The run-off from >20% slope areas was 10.45% of the 
total rainfall. However, run-off recorded during 2007 and the observation recorded for initial rainfalls in 
2006 showed a lesser run-off from >20% slope as compared to that in <10% slope, but the 
observations during July onwards particularly after a regular rain or rainfall of high intensity showed 
greater run-off from >20% slope area as compared to the <10% slope area. Though there is a distinct 
relationship between slope and runoff coefficient, but it was not as one would expect, because 
steeper slope (>20%) provided lesser surface runoff as compared to that of 10–20% slope area. 
Among the RWH treatments, highest (P<0.05) run-off (12.29%) was from the control plots, whereas 
the lowest run-off was from V-ditch plots (9.27%), which facilitated water distribution in surface soil 
layer rather than surface runoff. It was followed by contour trench (i.e., 9.57%), which facilitated water 
infiltration in deep soil profile. Most effective rainwater harvesting treatments for controlling run-off 
losses was V-ditch in <10% slope and contour trench in 10–20 and >20% slope areas (Table 1).  
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Table 1. Percentage (of 415.4 mm, 1223.1 mm, 797 mm and 180 mm rainfall in 2005, 2006, 2007 
and 2009, respectively) and annual water loss (m3 ha-1 as per annual rainfall) in the form of run-off 

affected by varying slopes and rainwater harvesting treatments 

Slope RWH Treatments 
2005 2006 2007 2009 % av. 

(%) Annual (%) Annual (%) Annual (%) Annual 4 years

S1 Control 5.27 537.9 9.28 1810.1 18.00 2061.4 15.07 1294.3 11.64 
 C. trench 4.66 479.3 6.95 1361.7 11.25 1296.7 9.90 832.7 7.91 
 Gradonie 2.52 260.0 7.22 1423.1 15.55 1802.8 10.95 940.5 9.06 
 Box trench 7.28 745.6 4.56 892.1 11.46 1319.1 7.35 631.1 7.63 
 V-ditch 2.27 231.8 4.58 896.3 10.41 1198.5 4.50 386.3 5.21 
 Mean 4.55 466.3 6.52 1276.6 13.33 1535.7 9.51 817.0 8.73 
S2 Control 5.95 609.3 11.79 2310.7 21.32 2458.5 13.07 1122.9 12.49 
 C.trench 3.13 326.1 9.16 1809.2 17.62 2047.1 7.92 680.3 9.15 
 Gradonie 6.06 621.4 10.90 2124.9 17.90 2047.4 11.81 1014.5 11.61 
 Box trench 7.53 767.0 10.85 2141.2 21.52 2491.6 13.02 1118.3 13.07 
 V-ditch 6.28 646.9 8.95 1758.3 16.27 1876.1 13.66 1173.3 10.99 
 Mean 5.91 606.1 10.32 2029.0 18.93 2184.2 11.90 1021.9 12.21 
S3 Control 7.15 715.1 10.41 2017.1 13.21 1498.3 12.30 1056.6 9.82 
 C. trench 8.61 872.4 7.76 1469.4 12.10 1323.6 11.06 949.5 9.42 
 Gradonie 4.45 446.5 11.04 2160.0 12.91 1494.7 10.36 889.6 9.75 
 Box trench 5.23 535.0 10.48 2037.9 16.97 1936.4 10.66 915.5 11.31 
 V-ditch 7.87 783.0 8.09 1551.1 11.03 1243.4 12.51 1074.9 10.19 
 Mean 6.65 669.1 9.56 1846.7 13.25 1499.3 11.38 977.2 10.45 
 Grand Mean 5.63 572.8 8.80 1717.5 15.17 1739.7 10.93 938.7 10.46 

 
Soil and nutrient loss 
Runoff collected from 10–20% slope showed highest soil and NH4-N concentrations. PO4-P 
concentration was highest in the water collected from >20% slope area (P<0.05 in July 2007 and 
August 2007), whereas NO3-N was highest in the water collected from <10% slope area in August 
2007 and in water collected from 10–20% slope area in September 2005, July 2006 and 2009 (Tables 
2 and 3). In most of the cases, the soil concentration was lowest in water collected from >20% slope 
(ranging from 0.21 to 2.58 kg soil m-3 water). Lowest PO4-P was in the water collected from 10–20% 
slope area in September 2005 and July 2006, whereas it was lowest in the water collected from <10% 
slope area in July and August 2007. Soil loss ranged between 1.6 tones ha-1 from 10–20% slope in 
July 2006 and 8.3 kg ha-1 from the same slope in August 2007. PO4-P loss ranged between 274.76 g 
ha-1 year from <10% slope and 487.51 g ha-1 year-1 from 10–20% slope area, whereas NO3-N loss 
ranged between 1.57 kg ha-1 year-1 from >20% slope and 2.69 kg ha-1 year-1 from 10–20% slope area. 
Among the RWH treatments, average highest soil, NH4-N and NO3-N concentrations were observed 
in the water collected from the control plots, whereas PO4-P concentration was highest in the water 
collected from CT plots. Water collected from GD/VD plots indicated lowest soil, PO4-P, NH4-N 
concentrations. But water concentration of NO3-N indicated wide variability. Slope × treatment 
interaction indicated that concentration of NO3-N was lowest in the water collected from Box trench 
plots in <10% slope, V-ditch plots in 10–20% slope area and GD plots in >20% slope area. Soil loss 
was lowest from BT plots in <10% slope, CT plot in 10-20% slope and V-ditch plots in >20% slope, 
whereas PO4-P loss was lowest from BT plots in all slopes. Loss of NH4-N was lowest from CT plots 
in <10% slope, GD plots in 10–20% slope and V-ditch in >20% slope area.   
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Table 2. Concentrations of soil and PO4-P in water collected in the measuring tanks under the 
influence of slope and rainwater harvesting devices. Values are mean of five replications 

Slope RWH 
treatment 

Soil concentration (kg m3 water) PO4-P (g m-3 water) 
Sept 
2005 

July 
2006 

July 
2007 

Aug 
2007 

July 
2009 

Sept 
2005 

July 
2006 

July 
2007 

Aug 
2007 

July 
2009 

S1 Control 3.94 2.02 0.66 0.40 0.28 0.14 0.13 0.17 0.23 0.08 
 C. Trench 2.77 1.78 0.73 0.16 0.36 0.18 0.18 0.17 0.28 0.06 
 Gradonie 3.66 1.59 0.47 0.14 0.15 0.17 0.16 0.15 0.28 0.07 
 Box Trench 2.09 2.80 0.81 0.83 0.21 0.20 0.20 0.14 0.25 0.23 
 V-ditch 2.90 1.92 1.61 0.37 0.08 0.15 0.14 0.17 0.28 0.14 

S2 Control 8.49 4.10 0.83 0.07 0.11 0.15 0.14 0.21 0.35 0.05 
 C. Trench 1.59 2.13 0.43 0.21 0.18 0.21 0.20 0.25 0.46 0.08 
 Gradonie 2.59 2.39 0.25 0.14 0.10 0.17 0.17 0.23 0.33 0.07 
 Box Trench 1.78 3.32 0.30 0.13 0.12 0.14 0.14 0.24 0.36 0.05 
 V-ditch 2.48 1.91 0.42 0.18 0.26 0.16 0.17 0.21 0.34 0.12 

S3 Control 0.95 1.92 0.41 0.30 0.22 0.31 0.31 0.33 0.31 0.11 
 C. Trench 0.65 2.53 0.18 0.08 0.16 0.15 0.16 0.31 0.46 0.18 
 Gradonie 1.78 2.27 0.14 0.09 0.05 0.14 0.14 0.38 0.42 0.20 
 Box Trench 2.33 2.41 0.44 0.29 0.19 0.14 0.14 0.28 0.44 0.07 
 V-ditch 0.36 3.80 0.31 0.19 0.38 0.21 0.21 0.45 0.43 0.23 

 Grand Mean 3.43 2.40 0.53 0.24 0.19 0.17 0.17 0.25 0.35 0.11 
 

Water quality 
Observation during 2005 to 2009 indicated highest pH of water collected from 10–20% slope, except 
in July 2006, when pH was highest for the water collected from <10% slope area. It was lowest in 
water of <10% slope in general. Electrical conductivity was greater (P<0.05 in August 2007) in the 
water collected from <10% slope area as compared to the other slopes. The lowest EC was observed 
in the water of 10–20% slope area except in July 2006, when it was lowest in the water of <10% slope 
area. Among the treatments, highest pH was observed in water of BT plots in September 2005, GD in 
2006, CT plots in 2007 and control plot in 2009, whereas highest EC was observed in the water 
collected from control plots in September 2005 and July 2006, which yielded higher runoff and was 
probably due to greater erosion under high intensity rainfall influencing salt dissolution. Lowest pH 
was observed for water collected from V-ditch plots in September 2005, BT plots in July 2006, 2007 
and 2009 and in GD in August 2007. Slope × treatment interaction for pH indicated lowest pH of water 
from BT plots in <10% slope, GD plots in 10–20% slope area and V-ditch plots in >20% slope area, 
whereas Ec was lowest for water collected from V-ditch in <10% slope, CT plot in 10–20% slope and 
GD plots in >20% slope areas. 
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Table 3. Influence of slope categories and rainwater harvesting devices on loss of NH4-N and NO3-N 
through run-off during rehabilitation of degraded hills. Values are mean of five replications 
Slope RWH 

device 
NH4-N (g m-3) NO3-N (g ha-1 year-1) 

Sept. 
05 

July 
06 

July 
07 

Aug. 
07 

July 
09 

Sept. 
05 

July 
06 

July 
07 

Aug.
07 

July 
09 

S1 Control 1.07 0.89 1.37 1.60 0.66 0.23 0.34 1.09 2.47 2.49 
 C.trench 1.28 0.95 1.48 1.13 0.64 0.29 0.34 1.23 3.11 2.95 
 Gradonie 0.60 1.00 0.96 1.86 0.77 0.13 0.31 1.64 3.67 2.43 
 B.trench 1.26 0.74 1.34 2.07 1.66 0.29 0.34 1.07 2.25 2.68 
 V-ditch 1.77 0.92 1.53 0.67 1.79 0.39 0.33 2.51 3.21 2.32 

S2 Control 1.88 1.38 1.76 0.94 1.46 0.43 0.41 3.90 1.07 3.27 
 C.trench 0.89 1.06 1.22 2.02 1.28 0.20 0.34 3.57 1.99 3.72 
 Gradonie 1.43 1.09 0.79 1.18 0.97 0.31 0.34 4.11 0.94 2.00 
 B.trench 1.43 1.18 1.10 1.53 1.12 0.31 0.29 4.11 1.44 2.67 
 V-ditch 1.37 0.92 1.12 1.66 1.82 0.30 0.31 4.12 0.73 3.51 

S3 Control 2.22 1.22 1.71 2.15 0.69 0.49 0.28 2.13 1.29 2.49 
 C.trench 1.42 0.78 1.33 2.96 0.89 0.31 0.22 1.34 2.31 3.87 
 Gradonie 1.17 1.15 1.42 2.36 0.36 0.26 0.26 1.79 1.12 2.60 
 B.trench 0.91 0.87 2.16 2.20 0.66 0.20 0.25 1.20 1.48 2.80 
 V-ditch 1.13 1.07 1.30 1.60 1.41 0.25 0.25 3.06 1.55 2.53 

 Grand Mean 1.32 1.01 1.37 1.73 1.05 0.29 0.31 2.46 1.91 2.85 
 

Relations with vegetation cover 
Water and nutrient losses decreased with time, i.e. June to September as well as from 2005 to 2009 
as vegetation cover increased. This indicates that runoff and nutrient losses decreased with time as 
vegetation grow. It was also dependent on the intensity of rainfall, soil saturation and most importantly 
the increase in vegetation cover from June to September (intra annual) as well as from 2005 to 2009 
(inter annual). Increased vegetation cover through afforestation and protection to enhance 
regeneration appeared better in reducing soil, water and nutrient losses as well as improving the 
quality of water flowing from the area. 
 
 
Discussion 
 
Amount of rainfall and its intensity influenced total runoff and nutrient concentrations in it. Soil texture 
and vegetation composition appeared more effective than the slope gradient as indicated by greater 
runoff from 10-20% slope area. However, the slope gradient influenced the nutrient loss significantly 
because decrease in slope gradient increased infiltration and decreased water and nutrient loss. 
However, greater run-off was due to sandy soil and crust formation probably triggered excess of 
overland flow on the structurally poor soils with relatively less infiltration rate in middle slope. Whereas 
phosphorus transport in runoff tends to increase with increasing phosphorus concentration at the soil 
surface and increasing runoff (Sharpley et al. 2003); variability in NO3-N concentration was due to 
leaching loss in deeper soil profile and/ or utilization by the growing vegetation, which reduces soil 
erosion (Bochet and Garcıa-Fayos 2004). Vegetative cover influenced the runoff, though stoniness on 
the hill slopes in >20% slope also reduced surface runoff most of the times, i.e. except when 
saturation excess overland flow occurred (i.e., September 2005) (Nunes et al. 2011). Rainwater 
harvesting devices were able to reduce runoff losses by 3% (9.27% in VD plots than 12.29% in 
control plots) of the total rainfall and emphasized the need to increase the quantity of rainwater 
harvesting structure further. V-ditch was found effective in <10% slope area and can be beneficial in 
developing rangelands with increased herbaceous growth. Contour trench is effective in all slopes 
particularly in small and medium sized storms, effectiveness little bit decreased as annual rainfall and 
slope increases. However, these structures found effective in reducing runoff and erosion from 
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smaller and more frequent events, but seemed to be relatively less effective as the amount of 
precipitation and runoff increases particularly the GD and BT structures. To minimize this, the intensity 
of RWH devices may be increased.  Decreased soil, water and nutrient losses with passage of time 
both within as well as between the years was the influence of growing vegetation indicated by a 
negative relationship between number of herbaceous species and runoff/nutrient losses This indicates 
the importance of plant species diversity on controlling surface runoff, soil erosion and losses of NH4-
N and PO4-P (Zhenhong 2004).  
 
 
Conclusion and recommendations 
 
Water, soil and nutrient losses depended upon the intensity of rainfall, soil saturation and most 
importantly the increase in vegetation cover from June to September (intra annual) as well as from 
2005 to 2009 (inter annual). Thus increased vegetation cover through afforestation and protection to 
enhance regeneration appeared better in reducing soil, water and nutrient losses as well as improving 
the quality of water flowing from the area. As phosphorus does not readily leach out of the root zone, 
potential for PO4-P -loss is mainly associated with erosion and runoff. Soils and sites, which are more 
prone to erosion and runoff losses, need to be closely managed and vegetated to avoid such losses. 
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Considering prevailing hydrological and ecological circumstance, forests are always the best land 
cover towards maximizing water yield and regulating the seasonal water flows. Besides, a forested 
watershed generally offer high-quality water as undisturbed forest with under storey, leaf litter and 
organically enriched soil acts as good filter and enhances the quality of water. Forested catchments 
also supply a high proportion of the water for domestic, agricultural, industrial and ecological needs in 
both upstream and downstream areas. In addition to it the availability and quality of water in many 
regions of the world however are getting more and more threatened by its overuse, misuse and 
pollution. Moreover, climate change is also altering forest’s role in regulating water flows thereby 
influencing the availability of water resources (Bergkamp et al. 2003). Relationship between the 
forests and water is hence, a critical issue that must be accorded high priority especially in view of the 
overgrowing menace of climate change. The key challenge being faced by the land, forest and water 
managers is to maximize the wide range of multi-sectoral forest benefits without any deterrent to 
water resources and ecosystem functions.  
 
Many municipalities cite maintenance of clean water supply as a reason for introducing forest 
protection or reforestation. In the United States, all states are required under federal law to have a 
Source Water Assessment, which promotes the idea that protecting drinking-water at the source is the 
most effective way of preventing drinking-water contamination (NRDC 2003). The city of New York 
has protected forests to maintain its high-quality water supply. Similar examples are found in many 
tropical and sub-tropical regions of the world. The Mount Makiling Forest Reserve south of Manila, the 
Philippines is a 4244 ha area of forest administered and managed by the University of the Philippines. 
More than 50 percent of the reserve is forested, and its watershed ecosystem supplies five water 
districts and several water cooperatives serving domestic, institutional and commercial water users. 
Other examples of major countries/ cities drawing some or all of their drinking-water from protected 
areas include Mumbai, Jakarta, Karachi, Singapore, Colombia, Brazil, Zimbabwe.  
 
Accordingly, there is a need to develop institutional mechanisms to enhance synergies in dealing with 
issues related to forests and water as well so as to implement and enforce action programmes at the 
national and regional levels. The Inter-national Year of Freshwater, 2003 and the Third World Water 
Forum (Kyoto, Japan, 2003) enhanced, the incorporation of this understanding of bio-physical 
interactions between forests and water into policies. The Inter-national Expert Meeting on Forests and 
Water, held in Shiga, Japan in November 2002 in preparation for these events, highlighted the need 
for more holistic consideration of interactions between water, forest, landuses and socio-economic 
factors in complex watershed ecosystems (Megahan 1977, Cassells et al. 1984, FAO 1996, 1999, 
Hamilton 2004, Thang and Chappell 2004). They include measures to protect soil water and nutrient 
status, the recharge of major aquifers, micro-climate and evaporation, and river resources. To 
address this challenge, there is an urgent need for a better understanding of the interactions between 
forests/trees and water for awareness and capacity building in forest hydrology. 
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Methodology 
 
In view of the above, the present study was undertaken in Shimla Water Catchment Sanctuary, 
located 8 km East of Shimla, Himachal Pradesh and having an area of 1020.32 ha lying in between 
31º05’ to 31º75’ N latitude and 77º12’ to 77º15’ E longitudes. Located in the Lesser Himalayas the 
climate of the sanctuary is temperate with cold winters. 

 
Figure 1. Location of Shimla Water Catchment Sanctuary 

 
The temperature touches a maximum of 30ºC in summers whereas the minimum temperature drops 
down upto 4oC in winters. The average annual rainfall is 2000 mm with typical monsoon type pattern 
and having its maximum downpour during July to September. During winters, precipitation is in the 
form of snowfall which of course, has reduced considerably over the years. Altitude of the sanctuary 
varies between 1850–2750 m above msl and the terrain is moderate to very steep and precipitous at 
places. The sanctuary area is divided into two blocks namely Chharabra and Seog and each of these 
blocks have two forest beats in each (Chharabra and Churat beats in Chharabra block and Seog and 
Kufri beats in the Seog block). Out of its four identified beats, water sources in the sanctuary are 
present in the Seog and the Churat beats. In total 11 perennial sources and about 14 seasonal 
sources are present. The sources both perennial and seasonal at Seog lie at an altitude between 
2134–2622 m above msl whereas sources of Churat lie at an elevation varying between 2100–2530 
m above msl (Figure1). 
 
The sanctuary has its historical significance and derives its name from hydrological functions it is 
performing for more than last 120 years for Shimla city. Water supply originally started in the year 
1875 for a population of 16,000 residents and was a major source of water till 1992. However, part of 
the water requirement of the city is still fulfilled by the Shimla Water Catchment Sanctuary. It is 
drained by a number of seasonal and perennial streams and all the streams form the catchment of the 
Ashwini Khad which ultimately drains into the Giri River, a tributary of River Yamuna.  
 
  



Asia Pacific Workshop on Forest Hydrology 
Water and Forests: Beyond Traditional Forest Hydrology 

 

162 
 

Results 
 
The data on water hydrology as obtained from the records of Irrigation and Public Health Department 
(IPH) for the last seven years was analyzed. The data on total water output for the two beats were 
studied, analyzed and compared for summer, winter, monsoon and autumn. The floristic studies were 
undertaken to identify the vegetation present in the given blocks at different elevations. In each aspect 
a plot of 50mx50m was marked. Within this plot, sufficient number of quadrates of the size 10mx10m 
for trees, 5mx5m for shrubs and 1mx1m size for herbs were laid randomly. The vegetation data thus 
obtained was analyzed for density, frequency, abundance, total basal area, and Importance Value 
Index (IVI) following standard ecological methodologies given by Curtis and Mc Intosh (1950), Samant 
et al. (2002), Dhar et al. (1997). 
 
The results showed that the total water discharge of Seog beat declined from 268.2 million litre per 
day (MLD) in 2004–05 to only 3.6 MLD in the year 2012–13. Maximum collective water discharge in 
the Seog beat was recorded during the monsoon season which was 180.7 MLD during 2004–05 but 
showed tremendous decline to 3.6 MLD by 2012–13. Though the water contribution in case of Churat 
beat was found fluctuating yet it contributed its maximum to the water discharge in the sanctuary 
(Table 1). For Churat, maximum water discharge was seen both in the spring and winter with decline 
in the summer over a period of time. Total water discharge was 2089.8 MLD in 2004–05 and 
decreasing trend reaching 812 MLD by 2010–11 but the water discharge again showed a slight 
increase to 968.5 MLD in 2012–13. Maximum water discharge (865 MLD) was seen in the spring 
followed by summer (480 MLD) in 2004–05 but declined by 2012–13 with spring discharge of 176.7 
MLD and summers only 188 MLD (Table 2). The winter season has maintained little consistency in its 
water discharge over the period of time followed by the monsoons. From these observations it can be 
concluded that Churat has more efficient water yielding capacity as compared to Seog. This can be 
attributed to the effect of climate change over the period of time and improper maintenance and 
usage of old water harvesting techniques over the past 100 years has led to its declined water 
discharge. 
 
The vegetation around these sources has also been analyzed and it was found that the main 
perennial sources were present in the forested region mainly comprised of trees like Cedrus deodara, 
Quercus spp, Picea smithiana. Shrubs mainly included Daphne papyracea, Berberis spp. whereas 
Gallium aparine, Viola spp, Fragaria spp, Oxalis spp and ferns were the associated herbs in the 
sanctuary area. Hedra helix, Clematis spp. Vitis semicordata, Rubia cordifolia, Ficus pumila are some 
of the climbers present in the area. Tables 3 and 4 list the composition distribution of the vegetation in 
the sanctuary. 
 
Table 1. Total yearly water discharge (MLD) of Churat and Seog Beats in Shimla Water Catchment 

Sanctuary 
Year Seog Churat 
2004–05 268 2089.8 
2006–07 35 1017.7 
2008–09 130 738.7 
2010–11 42 812 
2012–13 3.6 968.5 
 

Table 2. Seasonal water output (MLD) of Churat and Seog Beats  in Shimla Water Catchment Sanctuary 

Year Spring Summer Monsoon Winter 
Seog Churat Seog Churat Seog Churat Seog Churat 

2004–05 0.001 865 31.792319 480 181 324.9 58.1 419 
                

2006–07 0.338 200.6 3.553219 229.5 16.2 196 15.2 391 
                

2008–09 0.551 200 7.7202 242 58 124 40.2 172 
                

2010–11 0.55 145 4.1448 225 24.2 209 17.1 232 
                

2012–13 0.024094 176.7 0.001218 187.9 3.2 314.9 0.35 288.9 
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Perennial sources 
(elevation 2100–
2530m) 

         Trees Shrubs Herbs 

1a Cedrus deodara, 
Picea smithiana 

Prinsepia utilis, Rubus 
spp, Berberis spp 
 

Mostly ferns, Viola, Gallium aparine, Hedra 
helix 

20 Cedrus deodara, 
Picea smithiana  

Daphne 
spp,Sarcococa saligna 

Ophiopogon intermedius, ferns, stellaria 
media,Hedra helix 

        
Seasonal  sources 
(elevation 2000 m–
2530m) 

Trees Shrubs Herbs 

9b Q.diltata, Cedrus 
deodara 

Viburnum spp, 
Deutizia spp 
 

Viola spp,Ophiopogon intermedius 

9a Picea smithiana 
Q.diltata, C.deodara 

Indigofera 
spp,Deutizia spp, 
Berberis spp 
 

Gallium aparine, Fragaria spp, Oxalis spp 

8(2) Cedrus deodara, 
Cupressus torulosa 

Daphne spp, 
Viburnum spp 
 

Poa spp, viola spp 

4a Cedrus deodara, 
Picea smithiana 

Daphne spp, Rosa 
moschta 
 

Rumex nepalensis, Viola spp., poa spp 

3a Cedrus deodara Rubus spp, Daphne 
spp 
 

Rumex nepalensis, ferns 

1a Cedrus 
deodara,Quercus spp. 

 Bonninghausenia 
albiflora, Daphne spp. 
 

Ferns in plenty, impatiens spp,Gallium spp 

26(2) Cedrus deodara, 
Quercus spp 

Indigofer spp, 
Viburnum spp, Rosa 
moschta, Desmodium 

Viola spp, Fragaria spp, ferns 

 
 

Perennial sources 
 (elevation  2134–
2622m) 

Trees Shrubs Herbs 

14 Cedrus deodara, 
Q.leucotricophora 

Viburnum spp, 
Berberis lycium 

Thalactrum spp, Gallium aparine, Hedra 
helix 

12 Deodar,Pinus 
wallichiana 

Berberis spp, 
Prinsepia spp 

Viola spp., Fragaria spp., grasses, Clematis 
spp. 

9c Cedrus deodara, 
Picea smithiana 

Rubus ellipticus, 
Daphne spp, 
Boenninghausenia 
albiflora 

Gallium aparine, Thalactrum spp, Fragaria 
spp, Hedra helix 

5 Deodar, Quercus 
diltata 

Berberis spp, Rubus 
spp 

Ferns, Gallium aparine, Viola spp., Hedra 
spp. 

16a (2) Moru, Pinus 
wallichiana 

Rumex spp, Rubus 
spp, Rosa moschta 

Bergenia spp, Gerbera gossypina, viola 
spp., Clematis spp. 

19 (3) Deodar, Pinus 
roxburgii, 

Berberis spp, Rubus 
spp, Daphne spp. 

Viola spp, Gallium aparine, grasses 

Seasonal  
(elevation 2165m–
2560m)    

        Trees Shrubs Herbs 

30 Deodar, Q.diltata, 
Q.leucotricophora 

Indigofera 
heterantha,Berberis 
spp, Prinsepia 

Ainselia aptera, Viola spp 

31 Deodar Berberis spp, Daphne 
ssp, Prinsepia 

Gallium aparine, Viola spp 

33 Deodar, Quercus 
diltata 

 Viola spp., Fragaria spp., grasses, Clematis 
spp. 

6 Deodar, Pinus 
wallichiana, 
Rhododendron 

Berberis spp,Rubus 
spp, Prinsepia     

 

5 Deodar, Quercus 
diltata 

Berberis spp, Rubus 
spp 

Ferns, Gallium aparine, Viola spp 
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Discussion 
 
The present study revealed that the forests play a vital role towards water conservation.  Fluctuating 
trends in the water output of the catchment area studied over the period of 7–8 years can be the 
cumulative effects of various components related to climate change as also regulated by rainfall, 
snowfall, temperature and humidity. Leakages and breakages of the underground pipes in the 
century-old system that was installed in the 1880’s might have added to the fluctuations. The findings 
are in consonance to the earlier studies by Dudley and Stolton (2003), who indicated that about one-
third (33 of 105) of the world’s largest cities obtained a significant proportion of their drinking-water 
directly from forested protected areas. Besides, impacts of forests are influenced by many factors 
including the age and species of the trees, the amount of watershed under forest, soil, and forest 
management practices. A meta-study conducted for the World Wide-life Fund for Nature (WWF) on 
the role of forest protection in drinking-water provision (Dudley and Stolton 2003), with a survey of 
more than 100 of the world’s most populous cities, revealed – as described a clear link between 
forests and the quality of water coming out of a catchment, a much more sporadic link between 
forests and the quantity of water available and a variable link between forests and the constancy of 
flow.  
 
Despite years of catchment experiments, the precise interactions between different tree species and 
ages, different soil types and management regimes are still often poorly understood, making accurate 
predictions difficult. In contrast with popular assumptions, many studies suggested that in both very 
humid and very dry forests evaporation is likely to be greater from forests than from land covered with 
other types of vegetation; thus less water flows from forested catchments. Aspects of Seog Beat 
which is open and showed less of water flow reflects in the same lines (Calder 2000). A specific study 
made by Tremolieres et al., 1998 showed that Hedera helix benefits forest communities by protecting 
the floor from frost and erosion, increasing soil nutrient levels through the rapid decomposition of its 
litter in early summer, and by providing winter shelter and food to many species of birds, insects and 
mammals. As such, Hedera helix plays a significant role in the forest ecosystem, especially as it is 
naturally regulated by floods. The presence of Hedra helix may also have similar positive impacts in 
the sanctuary.  
 
 
Recommendations 
 
People have settled historically in areas rich with natural resources, and today most of the world’s 
population lives downstream of forested watersheds (Reid 2001). Societies have created strong 
cultural links with forests, and it is widely assumed that forests help to maintain a constant supply of 
good-quality water. Conversely, loss of forests has been blamed for problems ranging from flooding to 
aridity. The contributions of forests in providing clean water depend to a large extent on several 
factors including, tree species and age, soil types, climate, management regimes and needs from the 
catchment. It is therefore, perhaps not surprising that information on best practices for policy-makers 
remains scarce and models for predicting responses in individual catchments are at best approximate.  
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The contrast between the seemingly lifeless rocks and boulders in hilly terrain and lush green canopy 
of forests is the result of the growth conditions provided by soil for plants to establish and flourish. 
Forest soils in hills have an essential role in maintaining the life support system in the region and the 
Uttarakhand Himalayas are watersheds of major rivers. The forests have a very important function in 
the maintenance of favourable soil conditions on one hand and to regulate the flow of rivers on the 
other. The management of soil moisture is becoming increasingly important with better knowledge of 
fertility practices and growth of plant. Soil moisture not only act as a vehicle for ion transport but also 
provides favourable condition for soil chemical action and development of the activities of 
microorganisms.  
 
Due to the escalating demand on forest produce from conifer forests of Garhwal hills, the pressure on 
these fragile forests is mounting continuously. Vast denudation of these forests in areas like upper 
Yamuna forests of Uttarkashi District has destabilized the hills causing soil loss and leaving the slopes 
with frequent rock outcrops. Vegetation once lost may give rise to succession of some other 
vegetation types of low economic value, but the soil loss is irreversible. Presence of forests can 
reduce the erosive losses of material from forest floor by checking the velocity of falling rains. Deodar 
can intercept up to 25%of rainfall (Singh et al. 1983). Removal of tree cover, therefore, decreased soil 
moisture store, disturbed soil aggregates along with porosity and decreased soil water retention due 
to lack of litter on the forest floor (Negi 1981).  The importance of moisture retention and quantity 
relationship lies in the fact that it may change due to the effect of altitudes and seasons. The various 
soil moisture constants as influenced by different altitudes and seasons were determined and 
discussed in the present study.  
 
 
Methodology 
 
 The sites in upper Yamuna Forest Division of Garhwal Himalaya received fair distribution of 
precipitation and moderate to low temperature, and the spring and autumn seasons were considered 
suitable for the study. The conditions selected for investigation were four altitudes and two seasons in 
a year, and data were collected over three years. The altitudes lie between 1800–2700 m above msl. 
The maximum water holding capacity (MWHC) was determined by using standard procedure 
described by Piper (1966), field capacity (FC) by using pressure plate extractor described by Black 
(1965), wilting point (WP) by pressure plate extractor (Richards and Weaver 1943) as described by 
Singh (1980), The available water capacity (AWC) was calculated from the difference between wilting 
point (WP) and field capacity (FC) moisture.  
 
 
Results and discussion 
 
The maximum water holding capacity (MWHC), field capacity (FC), wilting point (WP) and available 
water capacity (AWC) at all altitudes and seasons decreased down the profile with increasing soil 
depth. At 2700m altitude, MWHC, FC, WP and AWC was higher followed by at 2400 m, 2100 m and 
1800 m altitudes (Tables 1, 2, 3 and 4). A good aeration and moisture storage as found in case at 
2700m altitude was of significance since it maintained a good air-water balance for the vegetation. 
There was higher moisture content at MWHC, FC, WP and AWC in all cases in autumn season than 
in spring season. This was because of higher rainfall which led to higher moisture retention by soil. 
Higher moisture content at MWHC in surface soil and decreased with depth was an expected trend 
since porosity of soil surface layers tend to remain high compared with sub-surface layers. It is 
especially so of macropores due to the action of soil forming process like leaching of finer particles to 
sub-surface layers. 
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Table 1. Maximum water holding capacity (%) in different seasons and altitudes 
Soil 
Depth 
(cm) 

Altitude (m) 
2700 2400 2100 1800 

Spring Autumn Spring Autumn Spring Autumn Spring Autumn 
0–15 75.46 83.14 61.13 68.07 54.13 65.53 50.98 64.07 
15–30 64.80 67.70 51.35 58.60 47.39 51.97 44.27 50.33 
30–60 53.85 54.34 46.56 49.81 44.53 45.70 41.40 44.06 
60–90 47.51 48.39 42.95 45.95 40.72 43.76 39.62 42.88 
90–120 46.00 47.17 41.39 43.50 39.54 42.75 37.80 40.84 
120–150 43.70 45.21 38.49 41.10 37.47 40.62 36.05 39.17 
 

Table 2. Field capacity moisture (%) in different seasons and altitudes 

 
The water holding capacity and moisture equivalent values are fairly high especially in upper horizon 
as per the findings of Khan et al. (1961) and Verma (1973). The MWHC tended to be high in forested 
soils than relatively exposed poor organic matter in agricultural soil as reported by Mathur et al. 
(1982). Silver fir and spruce forests soil have good water holding capacity because of its high organic 
matter content by Taylor et al. (1934). Field capacity moisture has a good deal of influence on the 
growth performance of trees and in maintenance of dynamic nutrient cycling in forest ecosystem. The 
degree of variation in soil moisture is also dependent on the type and amount of vegetative cover. The 
findings on soil moisture at FC obtained in this study are in conformity with results reported by Jha 
and Rathore (1980), Jha et al. (1984) and Guimmayen (1978). The limiting moisture availability in soil 
makes the plant root exert greater energy to extract a given amount of water compared with soil at FC 
moisture. As the soil dries out plants will begin to show the effects of reduced soil moisture uptake. 
The availability moisture is generally considered as that held between the FC and WP. Wilting point 
moisture is an indication of soil moisture depletion and in general, plants cannot extract moisture at 
this stage because roots are unable to counter the force of 15 atm. With which WP moisture is held by 
the soil particles. 
 

Table 3. Wilting point moisture (%) in different seasons and altitudes 
Soil 
Depth 
(cm) 

Altitude (m) 
2700 2400 2100 1800 

Spring Autumn Spring Autumn Spring Autumn Spring Autumn 
0–15 20.38 22.34 16.89 19.71 15.67 18.97 14.13 18.12 
15–30 18.72 20.16 14.12 16.32 13.06 14.64 12.63 14.25 
30–60 15.19 16.57 13.38 14.78 12.14 13.96 11.16 13.17 
60–90 13.26 14.89 12.17 13.14 11.46 12.37 10.28 11.68 
90–120 12.13 13.36 11.78 12.27 10.97 11.34 9.71 11.04 
120–150 11.74 12.52 10.61 11.82 9.23 10.93 9.03 10.61 
 
Obviously, such an amount of water present in the soils is not available to plants. A good aeration 
pores and moisture storage as found in the case of silty loam soil is of practical significance since it 
maintains a good air-water balance for the plants (Jha and Rathore 1980) 
 
  

Soil 
Depth 
(cm) 

Altitude (m) 
2700 2400 2100 1800 

Spring Autumn Spring Autumn Spring Autumn Spring Autumn 
0–15 39.36 42.19 31.18 37.59 28.54 35.78 26.69 34.67 
15–30 34.61 36.81 26.49 30.43 24.49 27.15 22.83 26.23 
30–60 28.13 29.68 25.17 27.19 23.36 25.47 21.17 24.16 
60–90 25.17 27.47 22.04 24.77 21.13 23.18 19.83 21.97 
90–120 23.84 25.21 21.41 23.45 20.44 21.88 19.08 21.04 
120–150 22.29 24.34 20.12 22.29 18.67 20.97 18.31 20.13 
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Table  4.  Available water capacity (%) in different seasons and altitudes 
Soil 
Depth 
(cm) 

Altitude (m) 
2700 2400 2100 1800 

Spring Autumn Spring Autumn Spring Autumn Spring Autumn 
0–15 18.98 19.85 14.29 17.88 12.87 16.81 12.56 16.55 
15–30 15.89 16.65 12.37 14.11 11.43 12.51 10.20 11.98 
30–60 12.94 13.11 11.79 12.41 11.22 11.51 10.01 10.99 
60–90 11.91 12.58 9.87 11.63 9.67 10.81 9.55 10.29 
90–120 11.71 11.85 9.63 11.18 9.47 10.54 9.37 10.00 
120–150 10.55 11.82 9.51 10.47 9.44 10.04 9.28 9.52 
 
From the study it appears that the availability of water is not greatly influenced by higher accumulation 
of soil humus at 2700m altitude compared to other altitudes. The availability of water in the top layers 
was better than lower layers at all altitudes and seasons. Higher the soil inorganic fraction, lesser was 
AWC observed. The available moisture capacity of the soil increased from sandy loam to silty loam 
and also clay soil showed higher available moisture than sandy loam soil as reported by Jha and 
Rathore (1980). 
 
Plant growing in soil will absorb water and reduce the quantity of moisture remaining in the soil. The 
soil-water phenomenon assumes critically when the soil moisture becomes limiting during dry months 
in a forest situation. Most of the plants use this moisture and it is termed as available water capacity 
(AWC). The moisture between these two constants is not equally available. As soil dries up from a 
state of field capacity to wilting point the availability of water diminishes nonlinearly. The AWC 
improved in the conditions where forest disturbances was less, the exposure was less, top soil was 
covered with litter resulting in high absorption of incident rainfall and high soil moisture retention. AWC 
did not increase with soil humus enrichment because of the fact that presence of soil humus or its 
accumulation tends to increase the FC and WP percentages than the difference between the two soil 
moisture constants. The available moisture storage capacity of soils determines to a great extent their 
usefulness in practical forestry. This capacity is often the buffer between an adverse climatic 
conditions and productivity of forests. 
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The main instrument of forest management planning in India is Working Plan. Working Plan document 
is prepared through a detailed process as per the National Working Plan Code. The process includes 
evaluating the status of forest resource of a forest management unit, assessing the impact of past 
management practices and deciding about suitable management interventions for future (FRI 1961). 
All forests are mandatorily to be managed under the prescriptions of a Working Plan in the country. 
Working Plan in the past, generally aimed to provide prescriptions for suitable silvicultural techniques 
to achieve sustainable yield of timber, which lead to derive the impression that preparation of working 
plans is timber-centric. However, global paradigm shift in the policy and approach towards forestry 
sector has shifted the focus from timber harvesting to environmental stability, protective functions of 
forests, monitoring and management of biodiversity and restoration of ecological balance (MoEF  
1988). The challenges thrown by the growing demographic pressure on forest resources in the country 
lead to enactment of various conservation-centric policies and regulations during the later part of 20th 
century. However, in the context of global climate change phenomenon and emphasis on ecosystem 
services in the early 21st century, these challenges have become more aggravated forcing a revisit of 
forest management planning procedure. The knowledge gap, present drawbacks and future needs in 
the provisions for forest management planning especially in the context of water as ecosystem product 
needs to be addressed.  
 
Forests provide natural protection for catchment areas of large and small basins & increase water 
harvesting capacity of catchments. Role of forests in reducing rapid run off is very important in areas 
that are marked by steep slopes and susceptible to heavy downpours. Water is the key component in 
determining the state and status of a given forest area. Emphasis on Water Management in the forest 
working plans of the past was insignificant. Present working plan code for preparation of forest 
working plans for “Sustainable Management of Forests” in the country mandates to include the list of 
water courses and Forest Compartment History description addressing various parameters of forestry 
and allied subjects but for water (MoEF 2004). Mention of detailed description of physical boundaries 
of forest compartments, slopes, rocks, soil, humus, climbers, weeds, grasses, crop composition, crop 
quality, crop age, crop density, characteristics of growing stock, regeneration of principal species, 
extent of biotic factors, prescriptions of management is provisioned in the code but detailed mention of 
water resource management is slipped out except for a mere mention of prevention of soil erosion and 
stabilization of terrain and as well as improvement of water supply. A paradigm shift of focus in forestry 
arena from production to protection forestry, Natural Resource Management has gained importance 
world over (FRI 2009). The draft National Working Plan Code 2014 as envisaged by Govt. of India to 
replace National Working Plan Code 2004 incorporates radical changes in the contents of the code. 
The long list of objectives and other essentials of Forest Management Planning includes Water 
Resources Management, Soil and Water Conservation alongside Biodiversity Conservation and 
Development, Joint Forest Management, Community Forest Management, Fringe Forest 
Management, Forest Health and Diseases, Forest Fires and Protection, Forests and Climate Change, 
ReDD+, Carbon Sequestration and Mitigation, among others (FRI 2012).  
 
Forests act as sources of water (surface, sub-surface and ground) apart from being host to a plethora 
of biotic and abiotic natural resources. Over exploitation of the ground water resources results in 
declining water levels across the terrain; there is an urgent need to augment the ground water 
resources through suitable management interventions. It is desirable to have forest management 
practices dovetailed with the principles of watershed based development approach especially in the 
source forest areas of water. Such areas should have restrictions on tree felling and there should be 
operations to improve the water regimes and natural regeneration.  As such, special provisions are 
required to be made in the working plans not only to sustain water resources but also to amicably 
address livelihood issues of the dependent people living in and around natural inland water sources. 
Heavy rains and rapid run-off severely affect not only the top fertile soil but leads to formation of 
gullies within forest areas. Suitable management imperatives need to be formulated to stop forest 
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degradation due to natural causes and calamities. Apart from silvicultural operations, it is also 
necessary to make appropriate prescriptions for conservation of soil and water in the forest areas. 
Areas susceptible to soil erosion such as steep slopes and areas in the vicinity of perennial streams 
etc. should be focused on soil and water conservation interventions with the provision of overlapping 
working circle. In the National Working Plan Code-2014 significant importance to various aspects of 
water has been attached by including “Water Resources Management” not only as one of the 
objectives of Forest Management Planning but also for carrying out survey and assessment of water 
resources. 

 
Survey and assessment of forest resources is essential exercise of forest management planning.  
Assessment of excess run-off from discharge zone and conservation measures for soil, groundwater, 
and soil moisture, area treated under soil and water conservation measures, duration of water flow in 
the selected seasonal streams, wetlands in forest areas, water level in the wells including status of 
aquifers is incorporated in the planning process as an element of Forest Resource Assessment. An 
exclusive chapter titled “Conservation and maintenance of soil and water resources” has been 
provisioned in the working plan document to address the following: 
 

1. Area under soil and water conservation measures: Soil erosion vulnerability assessment 
and interventions to be taken up as preventive and control measures are to be provided in the 
working plan along with map.  

2. Duration of water flow in the selected seasonal streams: Periodic monitoring of flow 
pattern in the water channels/streams/rivers with respect to annual rainfall/duration of flow 
may be recorded to depict the variations in the flow pattern and to assess the status of 
improvement if any. 

3. Wetlands in forest areas: Details of wetlands in the forest areas along with maps using 
remote sensing technology are provisioned to be mentioned in the working plan for their 
periodic monitoring. Prescriptions are to be given to ensure that there is no quantitative and as 
well as qualitative reduction in the wetlands of the forest division from the base year. Addition 
of new wetland areas and water bodies in the division, if any, is to be mentioned in the plan 
accordingly. 

4. Water level in wells in the vicinity (up to 5km) of forest area: Periodic monitoring of water 
level with respect to annual rainfall is provisioned to be mandatorily mentioned in the plan for 
the status of ground water assessment.   

5. Status of aquifers: Details of aquifers are required to be mentioned in the plan to monitor 
their sustainability.  

 
With the aims of describing the water flow duration in the rivers/seasonal streams, wetland areas, 
monitoring of water levels, status of aquifers, area to be taken up for water conservation and other 
aspects of water regime of the division an overlapping working circle titled “Water Resources 
Management” has been provisioned in the code so as to provide appropriate prescriptions in the plan 
to achieves the objectives such as reduction in the surface runoff from forest areas, maintenance of 
optimum ground water table through sustainable ground water recharge, increase in the  overall 
productivity of  the forest. 
 
As part of “Monitoring, Assessment and Reporting” under the code, a register of record for the soil and 
water conservation works has also been prescribed to be maintained at divisional level for annual 
inspection. The following reporting formats have been suggested related to water augmentation 
regime (IIFM 2009):  
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Area treated under soil and water conservation measures 
Area under soil and water 
conservation measures 

Prescriptions/ 
suggested 

interventions 
for soil and 

water 
conservation 

Extent of 
implementati

on of the 
prescription 

Innovative 
approaches 

including 
biological 

means 

Impact 
of the 

intervent
ion Total forest 

area affected 
due to soil 

erosion 

Forest area 
managed 

exclusively for the 
protection of soil 

and water 

      
 
Encl: Details on the geological formations, general information on soils & problematic soils, 
general slope, elevation, relief feature, degraded forest land over steep slope, total area identified 
for watershed treatment, Maps showing forest area falling in the watershed. 
 

 
Duration of water flow in the selected seasonal streams 

Asses
sment 
year 

Name of the 
identified stream 

and past nature of 
flow 

Duration of 
water flow 
(average 

months/ year) 

Annual 
rainfall/ 
rainy 
days 

Trend/ change in 
comparison to 

the last 
assessment year 

Any incidents 
due to the poor 
quality of river 

water 

      
 
Encl: % of catchment area of the identified rivers covered with forests, list of villages taking the 
use of the identified rivers/ streams, abstract of the report on the river water quality monitoring (if 
any), brief description of the water quality related incidents in the command area of the forest (say 
upto 5kms from the forest area). 

 
Wetlands in forest areas 

Asses-
sment 

Number of wetlands New water body 
created during the 

reporting year  

Extent of forest area 
under wetland (ha) 

Budget 
allocated 

and 
utilized 

 Perennial Seas
onal  

Perennial Seaso
nal  

Perennial Seasonal   

        
 

Encl: Documents on aquatic flora/ fauna, local & migratory birds (if any), visitors to wetland  
 

 
Water level in wells in the vicinity (up to 5 km) of forest area 

Assess- 
ment 
year 

Name of the 
selected village 

and distance 
from the forests 

Water level 
in the well 
from the 
surface 
(meter) 

Depth of 
the well 
(meter) 

Change in the 
quality of the 

water (physical, 
chemical, 
biological) 

Number of soil and 
moisture 

conservation work 
under taken in the 

catchment 

  Jan May Sept    
        
        
 
Encl: list of soil and water conservation work and budget allocated for such work  
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The watershed based management planning could become the most appropriate way not only to 
address the environmental concerns in the era of climate change and carbon sequestration but also 
the pressing developmental needs of the community in future. Watersheds of a division can be rated 
in terms of priority of various parameters that may be prevailing in the area like rating for 
geomorphology factor, rating for vegetation factor, rating for surface runoff, rating for slope 
percentage, rating for forest type/density and so on. Depending upon the susceptibility of the 
watersheds they may be classified into different categories to mete out different prescriptions under 
the exclusive working circle to be proposed in the plan for the purpose. 
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Forests cover approximately one third of the land surface of the earth. The forests are managed for 
timber harvesting, wilderness, habitat, and recreation, but arguably their most important output is 
water. Precipitation is cycled through forests and soil, and ultimately a part of it is delivered as stream-
flow. The forests and their management practices have the potential to alter the quantity, quality and 
timing of water moving through catchments by altering various hydrological processes (Anderson et al. 
1976, Ice and Stednick 2004). Forests generally affect the hydrology of watersheds by increasing 
interception, increasing evapotranspiration, increasing infiltration, increasing soil water holding 
capacity, intercepting cloud moisture, reducing direct surface runoff, reducing the nutrient and 
sediment load of runoff, and more. The forest management practices such as forest harvest, 
silvicultural activities, construction of forest roads and trails, and grazing etc. and natural forest 
disturbances such as wildfire, species changes, manifestation of insects and diseases may all have 
profound effects on the hydrological functioning of watersheds by changing the flow paths of water in 
soil and sub-soil, and the water and soil chemistry. Forest hydrology draws from several branches of 
hydrological sciences, water resources engineering, and forestry to address the influence of forests on 
water flow paths, storage, water quantity and quality. The forest hydrology, thus, combines field 
measurements, investigations, experiments and modelling to characterize and predict hydrologic 
processes and water resources. 

 
 
Advanced technologies for quantitative analysis in forest hydrology 
 
Various new and advanced technologies have emerged during recent past that can help advance 
forest hydrology. These are summarized below. 

 
Advancement in collection and monitoring of hydro-meteorological data 
Principal hydro-meteorological data in forest hydrology includes measurement of precipitation, 
streamflow, water in tree canopies, evaporation, evapaotranspiration, soil water tension, soil water 
content, water table depth, chemical and physical composition of water in soils and streams. In recent 
years, the progress made in information technology, sensor technology, electronics and data 
communication has made the automation of hydro-meteorological data collection networks very 
economical and attractive. Multisensor networks can measure the key hydro-meteorological variables 
and the data can be made available to users more quickly by transmitting them in near real-time from 
the measurement sites to the data centres. Hydrometeorological networks, which typically consist of 
automatic monitoring stations, telecommunication systems, databases and application software for 
users, are installed over wide geographical areas that often include remote areas. The field stations 
send their data via GSM/GPRS to the data server and the data is transferred to other applications or 
databases for further processing. 
  
Remote Sensing (RS) and Geographic Information System (GIS) techniques 
Since forest hydrology requires spatial inputs, techniques of RS and GIS have been particularly helpful 
as these are able to provide synoptic spatial information in a format which can be readily used in 
hydrologic modelling. Remote sensing data offer an urge potential for the delineation of spatial 
information on the state of a large variety of hydrological parameters needed for distributed, 
physically-based modelling. The addition of GIS further enhanced these capabilities and added 
confidence in the accuracy of modelled watershed conditions, improved the efficiency of modelling 
process and increased the estimation capability of hydrologic models. Topography is one of the major 
factors controlling both hydrological and soil processes at the landscape scale. Several topographic 
indices, which can be computed from digital elevation models (DEMs), have been suggested to 
quantitatively describe terrain characteristics. In the field, Global Positioning Systems can be used to 
collect the topographical information which can be used in hydrological models. 
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Isotopes techniques 
Isotope techniques were introduced into catchment hydrology research as complementary tools to 
conventional hydrologic methods for addressing questions of where water goes when it rains, what 
pathways it takes to the stream and how long water resides in the catchment (McDonnell 2003). 
Despite slow incorporation into routine research applications, the last decade has seen a rapid 
increase in isotope-based catchment studies.  

 
Isotope techniques have also seen growing applications in recent decades to study hydrological 
processes in forested catchments. These include assessment of spatial and temporal variation of 
surface flow, identification of the source and quantification of contribution from different sources, 
separation and estimation of subsurface flow and base flow, estimation of residence time of water in 
various storages, quantification of recharge and identification of recharge zones etc. 
 
Hydrologic modeling 
Besides measurement, modeling of hydrologic response of a forested catchment at various spatially 
and temporal scale is also necessary to validate the theory and model the various processes so as to 
credit the change in hydrologic response of a forested catchment. Hydrologic modeling is also 
necessary to understand the hydrologic consequences of changes in land use and land cover and the 
impacts of climate change. Distributed hydrologic models which can address these problems are 
finding increased applications in forest hydrology. 

 
Numerous hydrologic models have been developed for many different objectives. These models vary 
in how they represent hydrologic processes, vegetation, soils, groundwater, and runoff; they also vary 
in the spatial and temporal scales at which they simulate hydrologic processes. Ideally, physically 
based models would be based on data and parameters that forest and water managers monitor. 
Large-scale monitoring using new technologies and long-term monitoring of watersheds can provide 
some basis for developing scaling rules. The research needs for advancing forest hydrology science 
include understanding long-term and landscape-scale hydrologic effects of fire and fire suppression, 
climate change, and cumulative watershed effects. Spatially explicit assessments and physically 
based models designed to simulate, predict, or represent these phenomena form the basic needs of 
forest hydrology related models for today and the foreseeable future. 

 
A Decision Support System (DSS) that combines the benefits of Geographic Information Systems, 
expert systems and simulation models and provides modern visualisation techniques to get a quick 
insight into the various options and trade-offs can be a very useful tool in understanding the forest-
water interface at large catchment scale. A DSS, especially tailored to forest hydrology, may assist the 
forest managers in taking the right decisions on forest management strategies on the basis of good 
comparison of hydrologic output of different strategies under various scenarios. It is also useful in 
understanding the indirect and interacting hydrologic responses to changes in forested landscapes 
associated with climate change, forest disturbances, forest species composition and structure, and 
how these changes will affect water quantity and quality downstream and over long time scales. 

 
 
Conclusion 
 

(a) Forest hydrologists should be trained to understand and use the data automation systems, 
remote sensing and GIS tools, isotopes techniques in forest hydrology or should develop 
effective collaborations with specialists; 

(b) Forest hydrologists should extend the capability of hydrologic models to incorporate the 
kinds of changes happening in forests, such as fire, cumulative watershed effects, and 
climate change; 

(c) Forest hydrologists should advance models to simulate hydrologic processes across large 
watersheds; and 

(d) Forest hydrologists should use emerging technologies and long-term datasets to build and 
test the next generation of forest hydrology models. 

(e) Development of DSS supported by the findings of research studies in the area of forest 
hydrology would help support forest and water management decisions in many ways. 
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Research on hydrology with special reference to forests needs attention. This is particularly true in 
India where little work has been done on forest hydrology. In hilly and mountainous watersheds, 
especially in the Himalayan region, the spatial and temporal variability in terms of soil, landuse/land 
cover, topography, rainfall and biotic interventions is large. Runoff and sediment yield data is scarcely 
available for Himalayan watersheds which are often required for operation and management of 
irrigation and hydropower projects in the region. Reliable measurements of various hydrological 
parameters including runoff and sediment yield are also a tedious and difficult task in remote and 
inaccessible areas. The present study was carried out to examine the applicability of Soil and Water 
Assessment Tool (SWAT) (Arnold et al. 1998) in estimating daily discharge and sediment delivery 
from mountainous forested watersheds and to assess the impact of forest cover types on stream 
discharge pattern and sediment load.  
 
 
Methodology 
 
Two small watersheds, Arnigad and Bansigad, located 36 km north of Dehradun near Mussoorie in 
Uttarakhand State of India, were selected for the present study. The Arnigad (304.4 ha) and Bansigad 
(209.8 ha) watersheds are predominantly covered with moderately dense oak forest and moderately 
degraded mixed oak forest respectively. The landform of both the watersheds consists of rugged, 
mountainous terrain, with steep slopes. Apart from hill topography, deforestation in the watersheds 
results in huge loss of productive soil and water as runoff. Daily discharge, sediment concentration 
and other hydro-meteorological data were monitored at the outlet of each watershed.  
 
SWAT, a continuous, physically based distributed model that operates on a daily time step at 
watershed scale was calibrated and validated for daily discharge and sediment concentration using 
the observed data. The spatial input data for the model, including digital elevation model (DEM), land 
use /cover map and soil data, was prepared using remote sensing and geographic information system 
(RS & GIS) techniques. The performance of the model was evaluated using the statistical measures of 
coefficient of determination (R2) and Nash-Sutcliffe efficiency (ENS).  

 
 
Results and discussion 
 
Model calibration and validation 
SWAT was calibrated using daily data from June 2008 to May 2010. The simulated discharge and 
sediment concentration generally followed the observed trend in both the watersheds. Although model 
predicted peak values were found both higher and lower than the observed values at different times in 
both watersheds, the difference was within reasonable limits. The difference in simulated and 
observed values could occur due to the fact that in practice, high-intensity and even short duration 
rainfall can generate more discharge and sediment than simulated by the model on the basis of daily 
rainfall (Xu et al. 2009). In Arnigad watershed, R2 and ENS values of 0.91 and 84.48% respectively in 
discharge simulation, and 0.88 and 83.11% respectively in sediment simulation, showed very good 
agreement between observed and simulated daily values. In Bansigad watershed too, the model 
exhibited a very good performance in simulating the discharge (R2 = 0.91, and ENS = 89.74%) and the 
sediment concentration (R2 = 0.86, and ENS = 82.07%).  

 
The model was validated for the period June 2010 to February 2011. The simulated daily discharge 
and sediment concentration values were compared with the observed values. The results indicated 
that the discharge and sediment were simulated adequately well in both the watersheds. The R2 value 
of 0.94 and ENS of 82.78% in discharge estimation, and R2 of 0.88 and ENS of 83.28% in sediment 
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estimation were computed for Arnigad watershed; and R2 of 0.92 and ENS of 92.5% in discharge 
estimation, and R2 of 0.94 and ENS of 80.67% in sediment estimation were computed for Bansigad 
watershed. These R2 and ENS values are of the same order as obtained during calibration which 
explain that the model has performed equally well on the data set used for validation purpose. The 
model performance with these high values of statistical indices can be rated as more than satisfactory 
in simulating discharge and sediment concentration from the study watersheds. 

 
The above results can be viewed in the light of the fact that the runoff and soil erosion process in hilly 
and mountainous forested catchments are highly complex phenomena and affected by interaction 
among rainfall, runoff, soil texture and structure, landuse, land slope and conservation measures. 
Therefore, magnitude of randomness in daily simulated values may be large in mountainous 
catchments (Singh et al. 2011). Generally, poor correlation among daily values in SWAT simulation 
has been reported in literature (Peterson and Hamlett 1998, Spruill et al. 2000). The results of the 
present study, however, indicate that SWAT can be used for estimation of daily discharge and 
sediment from forested watersheds in lesser Himalayas.  
 
Impact assessment of forest cover types on stream discharge pattern and sediment yield 
An assessment of runoff and sediment yield was made based on the total simulation period of three 
years. The model predicted that mean annual rainfall of 2925 mm over Arnigad watershed was mainly 
removed through evapotranspiration (ET) (27.3%), percolation/groundwater recharge (62.2%), 
transmission loss/abstraction (4.5%) and surface runoff (6%). The simulated mean annual water yield 
amounted to 1738.5 mm (59.4%) against the observed water yield of 1622.4 mm (55.5%). In Bansigad 
watershed, the mean annual rainfall of 2926.5 mm was partitioned among ET (22.1%), percolation/ 
groundwater recharge (65.8%), transmission loss/abstraction (5.2%), and surface runoff (6.9%) and 
the mean annual water yield was simulated as 2030.1 mm (69.3%) against the observed value of 
1863.6 mm (63.7%). These values indicate that the water balance components in both catchments are 
almost identical. These results can be supported by the fact that the distribution of landuse and soil 
types in both the watersheds is almost similar. Higher ET and lower surface runoff in Arnigad than the 
Bansigad watershed is obvious due to the difference in forest cover types in Arnigad (dense Oak 
forest) and Bansigad watershed (degraded Oak forest). Although higher water yield is obtained in 
Bansigad than the Arnigad watershed, the river flow in Bansigad ceases in the month of February or 
during early March, while Arnigad sustains the river flow throughout the year. The results support the 
general notion that the root system of a mature oak tree has a capacity to store several hundred litres 
of water which is released as base flow during the lean season. The mean annual sediment loading 
from the Arnigad and Bansigad watershed was simulated as 8.45 t ha-1 and 21.97 t ha-1 respectively 
against the mean observed sediment yield of 10.70 t ha-1 and 24.46 t ha-1 in respective watersheds. 
The simulated sediment yield is comparable to observed values in both the watersheds. The high 
sediment yield in Bansigad watershed can be attributed to degraded forest cover and other 
anthropogenic activities in the watershed.  

 
 
Conclusions 
 
The SWAT model exhibited high performance in simulating daily discharge from the study watersheds 
with R2 values of 0.91 and above and ENS values of 82.8% and above both in calibration and 
validation. Similarly, the model also performed more than satisfactory on both the study watersheds in 
simulating the sediment concentration with R2 values of 0.86 and above and ENS above 80%. The 
model also simulated the mean annual water yield and sediment yield close to the observed values in 
both the watersheds. The water balance components simulated by the model provided a useful insight 
for examining the hydrological behaviour of study watersheds, especially the ET needs and water 
delivery from the watersheds which are dominated by two different forest cover types. The results 
indicated that SWAT is capable of estimating the discharge and sediment yield from Himalayan 
forested watersheds, the estimates of which are often required for operation and management of 
irrigation and hydropower projects in the region. 
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Severe water shortages occur in several parts of the world and this situation is worsening each year. 
Freshwater withdrawals increase with increasing population and increasing per capita needs. Forested 
catchments supply a high proportion of the water for various purposes in both upstream and 
downstream areas. Forests and their management practices have the potential to alter the quantity, 
quality and timing of water moving through aquifers by altering the interception, evapotranspiration, soil 
infiltration, base flow, runoff components (Anderson and Hoover 1976, Ice and Stednick 2004). Forest 
hydrology in India is in an initial stage. There is a need for a better understanding of the interactions 
between forests and water involving advanced techniques like remote sensing, GIS, distributed 
physically based hydrological modelling and also in situ observations through hydrological 
experiments. Hydrological experiment and modelling have been done to estimate the water balance 
components in the forest and neighbouring regions of the Kanha National Park located in Central 
India.   
 
 
Data used 
 
Three types of datasets such as remote sensing derived (DEM, rainfall, LULC, LAI.), in situ 
measurements (water levels, groundwater, rainfall, temperature, resistivity soil moisture, LAI) and soil 
physical and channel characteristics have been used for the hydrological and hydraulic modelling.  
 
 
Study area 
 
The watershed is located within the buffer region of the Kanha National Park along the south-east 
boundary of Madhya Pradesh State. Geographic extent is 80º42’E to 81º01’E and 22º02’N to 22º31’N. 
The majority of the area is covered by forest and agriculture. Forest is mainly deciduous type. 
Elevation ranges from 523 to 900 m with an average of 689 m and the terrain slopes toward the north.  
 
 
Methodology 
 
In this study, MIKE SHE was coupled with the river flow routing model MIKE 11 (DHI 2005, Sahoo et 
al. 2006), a one-dimensional river/channel water movement model, to simulate the full hydrological 
cycle of the watershed, including evapotranspiration, infiltration, unsaturated flow, saturated flow, 
overland flow and stream flow. The main inputs for model include spatial data on topography, soils, 
vegetation, and drainage network; and temporal data on precipitation and potential evapotranspiration 
(PET). Model was calibrated based on the modeled and observed measurements on river water 
level/discharges and groundwater measurements (Refsgaard 1997). MIKE SHE uses variable 
simulation time steps for different hydrological modeling components and flow characteristics (DHI 
2005, Zhang et al. 2008). Simulation period was taken during 1 June 2010 to 15 August 2012. 
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Results 
 
Daily Flows for the model calibration (2010) and validation (2011 and 2012) periods show that the 
model could capture the dominant runoff process and stream flow dynamics of the watershed. A 
reasonable good match between modeled and observed stream flows was obtained. Coefficients of 
determination (R2) of 0.82 and 0.78 and RMSEs of 10.81 and 32.10 were obtained for the upstream 
and downstream gauging sites during model testing period, respectively. Water balance components 
were extracted for the whole watershed. Further, results were extracted and analysed for the 
forested and other land cover classes separately to see the inter linkages between the water balance 
components of forest regions with the neighbouring areas. Also, water balance components were 
extracted for the geological lenses representing for springs located in the study area. Surface water, 
base flow production, evaporation from pond water, canopy water storage and transpiration were of 
36.6%, 22.4%, 3.6%, 12.5% and 24.9%, respectively for the whole catchment. Forest area 
contribution was more for base flow (26.9%), transpiration (30.2%) and canopy storage (16.6%). 
Total volume of water within the river system considering surface water and baseflow contributions 
during the study period has been estimated of 1994 MCM. Also, stage discharge relationships for 
major streams were developed. 
 
 
Conclusions 
 
A coupled Hydrologic-hydrodynamic model was used for modelling water balance components in the 
forest and neighbouring regions to quantify and observe the inter linkages of various water balance 
components. Model was calibrated and validated for river flow in the upstream and downstream during 
2010 to 2012 period. Following conclusions can be drawn from the analysis; 
 
Rainfall variability of 350 mm was observed within the study area. Total rainfall during June 2010 to 15 
August 2012 was of 4230 mm. Out of which ET is about 48%. Transpiration losses (30.2%) were more 
in forest regions compared to other and cover classes. 
 
Ground water table is high in the forest regions but overall recharge was more (0.39 m) in the other 
than forest regions.  Soil moisture was high in the forest area as compared to other regions. 
 
In the forest region a large amount of water goes in the sub-surface as baseflow (26.9% of total 
rainfall) which shows the utility of forest for conserving and managing the water. 
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There is an increasing awareness that natural climate cycles, notably in rainfall, have an impact on 
runoff and sediment delivery (Mo 2010, Liu et al. 2011). These cycles may, therefore, mask or 
reinforce the effects of commercial timber logging on runoff or sediment delivery (Chappell et al. 2004, 
Chappell and Tych 2012). Consequently, understanding of decadal changes in sediment delivery from 
catchments disturbed by commercial logging requires an analysis of the spectral properties of the 
rainfall and runoff, which also controls sediment delivery, in addition to the suspended sediment load, 
and all using longer term data. This paper aimed to identify sediment recovery following selective 
logging in the Baru catchment, Sabah, using the Unobserved Components-Dynamic Harmonic 
Regression (UC-DHR) model given the effect of climate dynamics and data gaps. 
 
 
Methodology 
 
The model identification routine used in this study is the UC-DHR model (Young et al. 1999). The DHR 
model is part of the CAPTAIN toolbox developed at Lancaster University (Taylor et al. 2007) that is 
utilised within Matlab programming environment. The DHR model is a recursive interpolation, 
extrapolation and smoothing algorithm for non-stationary time-series analysis (Young et al. 1999). The 
model is particularly useful for adaptive seasonal adjustment, signal extraction and interpolation over 
gaps, as well as for forecasting and back-casting (Young et al. 1999). The general form of Unobserved 
Component (UC) models of a scalar time series is as given by Young (2011): 
 
     tttt eSTy ++=      (1) 
 
Where yt refers to a time series, Tt is the trend, which in this case includes the inter-annual cycles and 
longer-term trend lines, known here as ‘drift’; et is white noise component, and St is known as the 
‘seasonal component’ that describes the cycles with a periodicity of one year or less. This St term is 
further defined by:  
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where ai,t and bi,t are Time-Variable-Parameters (TVPs; i.e., stochastic parameters that vary with time), 
Rs refers to the number of annual and sub-annual frequencies in the data series, and ωi  are the sets 
of frequencies chosen by reference to the spectral properties of the time series.  
 
The time-series used for this study were collected at the gauging station of Baru catchment, Sabah 
State, Malaysia, from 1988, prior to the first and only phase of commercial forestry operations, to 
2008. These were supplemented by daily rainfall data recorded at the DVFC meteorological station. 
The monitoring equipment used changed over the 21-year period of monitoring, therefore had 
produced different resolution data (1-min to 1-day) with gaps, step changes and different calibration 
equations, which require quality checking and data processing. The data series went through quality 
assurance procedure, calibrated and integrated to daily resolution to ensure only high quality data 
used for analysis (followed that suggested by Mosley and McMillan 1994). Each discharge value was 
normalised by the area of the Baru catchment to give a runoff value (mm day-1), the same units as the 
rainfall dynamics (mm day-1). The quality assured daily data were then integrated over 14-day periods 
prior to analyses for the accurate identification of cycles with a periodicity of several months to several 
years (Young et al. 1999). 
 
Application of the DHR model to time-series data begins with the optimisation of the Time Variable 
Parameters (TVPs). The optimisation is achieved by first estimating the Noise Variance Ratio (NVR) of 
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the TVPs. In the CAPTAIN Toolbox, the ‘NVR hyper-parameters’ that control the ‘volatility’ (temporal 
variability) of the model parameters, Tt, ai,t, and bi,t, are optimised via a Maximum Likelihood (ML) 
routine based on ‘prediction error decomposition’. NVR is defined as: 
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where σi

2 is the variance of the noise in parameter i, and σe
2 is the variance of the ‘data observation 

disturbance’, et. To estimate the NVR of the TVPs, the logarithmic pseudo-spectrum of the DHR model 
needs to be fitted to the estimated logarithmic Autoregressive (AR) spectrum of the observed time 
series (rainfall, runoff, and SSC or load). The optimal order of the AR model is identified via the Akaike 
Information Criterion (AIC; Akaike 1974) after the AR (n) spectrum and the accompanying frequencies 
and harmonics are determined. Once the NVR parameters are optimised, a single run of two recursive 
algorithms (Kalman Filter and Fixed-Interval-Smoothing) provides estimates of the seasonal and trend 
components (Young et al. 1999). The performance of the model is assessed using the simplified 
Nash-Sutcliffe efficiency measure, RT

2 (Young 2001): 
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whereσ2

r is the variance of the model residuals (i.e. model fit-observations) and σ2
o is the variance of 

the observed time series.R2
T varies between  -∞ and 1, which is a perfect fit. However, the model 

cannot be evaluated just based on the R2
T as each data series has different variability depending on 

climate and landuse changes. In fact it is easy to overfit a DHR model by maximising its model fit (R2) 
whereby the model would be producing meaningless results which are hard to interpret. The evolution 
of the signal is shown by plotting the effective amplitude of the DHR-estimated frequencies, calculated 
from: 
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where Ae is the effective amplitude and the subscript I indicates the harmonic index. 
 
 
Results and discussion 
 
The logarithmic pseudo-spectrum of the DHR model was fitted to the estimated logarithmic 
Autoregressive (AR) spectra of the observed time series of rainfall, runoff and SSC or load (Figure 1). 
The efficiency of the models at capturing the dynamics of the rainfall, runoff and SSC or load time-
series (RT

2) ranged between 0.51 and 0.74, i.e., half to two thirds of the variance explained (Table 1). 
Variance contribution of the seasonal component tS  (proportion of observation variance explained by 

the seasonality) indicates the 2R  alone is not a significant measure for model quality. 
 
The reduced fit to the rainfall time-series probably relates to the greater sensitivity of these time-series 
to single large rainfall events (occurring in a 14-day period), which are not well described by routines 
that seek to identify trend and repeating cycles. The range of DHR modelling efficiencies achieved is, 
however, comparable to those observed by Chappell et al. (2001) and Solera-Garcia et al. (2006) for 
similar time-series observed in the region. 
 
The DHR model successfully interpolated the cycles and trends over data gaps that were rejected by 
customary quality assurance. The climatic and forestry-related effects were obvious based on the 
trend and drift of DHR modeling. Ephemeral seasonality with strong inter-annual cycles was observed 
in rainfall and runoff series whereas there was a clearer seasonality with weak inter-annual cycles in 
SSC due to logging. The combination of quality assurance and UC-DHR modeling demonstrated the 
degree to which a recovery in the sediment system can be interpreted given data gaps and strong 
inter-annual and seasonal cycles in climate.  
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Table 1. Efficiency of the DHR models applied to the rainfall, runoff and SSC and load time-series 
(integrated over 14-days), plus the amplitude of the dominant annual and sub-annual cycles identified 

(together with the DHR-optimised NVR values). 

Parameter 
Data available 

(%) 
Periodicity 
(months) Amplitude NVRs 2

TR  Seasonal 
variation 

Rainfall 100 12.1 2.50 7.99x10-6 0.52 0.2152 
(mm day-1)  6.8 1.16 4.83x10-3   

  4.2 2.14 2.56x10-4   
  2.9 2.03 2.87x10-3   
  1.9 0.74 5.64x10-5   
  1.0 1.02 1.67x10-4   

Runoff 90.5 12.7 4.48 1.76x10-5 0.67 0.3789 
(mm day-1)  7.4 2.67 2.64x10-3   

  4.1 4.14 1.79x10-2   
  3.1 1.35 3.73x10-4   
  1.9 2.43 1.52x10-4   
  1.0 0.82 5.11x10-5   

SSC  52.4 9.6 2.45 2.43x10-3 0.68 0.1627 
(mg L-1day-1)  5.5 2.30 2.96x10-3   

  4.2 1.05 2.11x10-4   
  3.2 1.06 3.82x10-4   
  2.0 1.00 2.82x10-4   
  1.3 1.50 7.39x10-4   
  1.0 1.56 5.51x10-5   

SS load 52.4 9.7 1.76 4.77x10-3 0.74 0.5117 
(t km-2 day-1)  5.2 1.51 1.52x10-3   

  3.8 1.53 1.58x10-3   
  2.9 2.11 3.81x10-3   
  1.9 1.10 3.41x10-4   
  1.0 1.64 1.51x10-3   
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Natural resource management in mountainous regions requires an understanding of the variability of 
these resources in time and space, and the role of local people (Naiman 1997). Landuse change is a 
crucial issue in mountainous areas because of slope steepness, deforestation, forest degradation, 
agricultural expansion and population pressure. Landuse change followed by soil losses and the 
impact on the water quality are serious problems caused by a complex bio-physical, socio-economic 
and technological factors in the mountain region of Nepal (Sitaula et al. 2001). Forest, soil and water 
are the most important natural resources of Nepal (Khanal and Bastola 2005). Regular updating of 
spatial distribution of water quality information using remote observations is very important for long 
term water management plan (Chen et al. 2007).  
 
A non-parametric method, kNN, has been used extensively for forest inventory in several countries 
(Tokola et al. 1996, Katila and Tomppo 2001). kNN was first introduced by Kilkki and Paivinen in 1987 
for forest inventory in Finland. In this method, the field information is propagated to the entire 
population of pixels in a satellite image based on spectral value. The satellite materials and the 
spectral distance measures are compared by calculating the accuracy of field plot-wise estimation for 
volumes of growing stock by tree species. Zhou (2008) applied kNN to estimate soil erosion in a 
mountainous watershed in China.  
 
 
Study area 
 
The study area is located (Figure 1) in Dadeldhura District of Far-Western Region, Nepal. The two 
Village Development Committees (VDC) selected in the present research are Shirsha and Belapur. 
Both VDC’s have high priority to prepare Water Use Master Plan under the Rural Village Water 
Resource Management Project.  
 

 
Figure 1. Study area and its location 

 
 
Materials 
 
Aster satellite imagery, contour map, landuse map, and hydrological sample plots were used in the 
present study. A total of 514 field sample plots data on water volume were collected for Srisha and 
Belapur VDC.  
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Methodology 
 
Refe (field sample plot method) software was used through MS DOS in combining field and satellite 
data so that each field sample plot on water volume gets the corresponding pixel value of the satellite 
imagery (Tokola et al. 1996). The concept is that similar water volume locations exist within a large 
reference area covered by the satellite imagery. The responses of the pixels within satellite imagery 
are dependent on the state of water resources. Hydrological sample plots supplemented with other 
auxiliary information (such as landuse, topography, weather) can be used to estimate water volume. In 
the kNN method, the information of unknown pixels is searched with reference to the few closest 
pixels whose information is already known. The image information, band weight, spectral distance, 
number of nearest neighbours and landuse information were the main parameters used in the present 
analysis. The three nearest sample plots were used from water volume sample plots to estimate the 
water volume of unknown pixels. The kNN based algorithm requires making three important decisions 
before applying the algorithm. The first decision is the distance function to be applied, the second is 
the nearest sample plots to be used and the third is the method in allocating weights to the nearest 
sample plots. The similarity between the water volume locations was estimated using the GIS variable-
based Euclidean distance function. A weighted Euclidean distance function was used in the present 
analysis using the following formula (Tokola et al. 1996): 
 

Where, dij = Euclidean distance between pixel i in the study area and the pixel 
of a water volume plot j; nch = number of GIS layer; cijh = difference in values 
of pixels i and j on GIS layer h and ph = weighting parameter for GIS layer h 

 
The similarity between water volume estimates can be used to weight single measurement plots. 
Inversely-distance-based method was used in allocating area weights to the nearest water volume 
plots. Weights were given inversely proportional of the weight exponent to the distance function using 
the following formulae (Tokola et al. 1996): 
 

Where, wij = the weights of pixel i for the water volume plot j; k = number of nearest 
water volume plot used; t = weighting parameter of GIS-variable-based distance. 
Water volume y was estimated for pixel i using following formula 

 
Where, yi = water volume for pixel i; yj = field measured water volume y, per unit area, 
on nearest water volume plot j, measured in field 

 
 
 
Results 
 
The results showed that the kNN method predicts higher water volume areas more accurately when 
compared to the lower water volume areas (Table 1). The coefficient (R2) of the method explains 0.67 
of the water volume estimation using kNN.  
 
The result was classified into three classes (Table 1) to simplify the statistics. Though the Root-Mean-
Square Error (RMSE) of the class III (high water volume) is high the class value is also higher in 
comparison to class I (low water volume) and class II (medium water volume). The final output map 
demonstrates that the predicted high water volume areas are located in flat surfaces and river 
channels are linked with those water areas (Figure 2).  
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Table 1. Predicted water volume classes and their statistics (litre per second (lps) 

 

 
 Figure 2. An output map of water volume estimation using kNN algorithm 

 
 
Discussion 
 
The approach illustrated in the present analysis is a demonstration of the kNN method for intensive 
future research. Due to the limited field sample data and other limitations (such as human error during 
data collection and shadow effect in the hilly terrain), the result showed high RMSE. The result seems 
quite good for higher water volume areas (e.g. >50 lps). The satellite imagery used in water volume 
estimation was acquired in December, a moist month in the study area. The reflectance from the moist 
soil and vegetation might have some dominant effects on the satellite imagery which lead to predicting 
higher number of low water volume areas. In this study, kNN method was used with only Aster 
imagery. It would be good to test the methodology with different satellite materials so that a 
comparison can be made for better prediction.  
 
The field data on water volume was collected using different methods (bucket method, area velocity 
method) depending upon the velocity of the water in the study area. It would be better to apply a 
uniform method during field data collection for reliability and accuracy in the variables. Katila and 
Tomppo (2001) found a decrease in RMSE until the k value reached 20 to 30. Tokola et al. (1996) and 
Nilsson and Ranneby (1997) noted that the 10 to 15 nearest plots are needed in estimating forest 
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variables. But in the present analysis when the nearest plots were increased from 3 to 5, the RMSE 
also increased. It is exactly the opposite of the record of Katila and Tomppo (2001), Nilsson and 
Ranneby (1997) and Tokola et al. (1996). The present findings lend support to Koukal et al. (2007), 
Franco-Lopez et al. (2001) and Moeur and Stage (1995). They suggest a much smaller value of k is 
necessary to retain the variation of the original data. There are always possibilities to improve the level 
of association between the spectral variables and water volumes. For example, spectral information of 
the original band was used in the present analysis. Derived measures such as band ratios and 
vegetation indices can be used in addition to the original bands (Tokola et al. 1996, Tomppo and 
Halme 2004, Gjertsen 2007) to improve the result. Other possibilities are to use auxiliary information 
such as site index maps, land capability maps, and soil maps.  
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Remoteness, inaccessibility, low population densities and high cost for drilling programme in 
mountainous basin of Himalaya hinders the generation of water-table elevation measurements and  
sub-surface hydraulic data which is very essential for any water resource planning. Springs provides 
an excellent opportunity to decipher subsurface hydrogeological processes. 
 
The town of Pauri is located in steeply sloping forested headwater catchment, where a large 
population is dependent on several springs as well as hand pumps tapping up to a depth of hundred 
meters. Understanding of the origin and the interconnections between springs and water wells is 
crucial for long term sustainability. 
 
Weekly spring water samples were analyzed during the monsoon period (June–September) of year 
2010, and event based rainfall samples were collected during the same period. In the subsequent year 
(2011) weekly to bimonthly water samples of spring water, rainfall and from one of the hand pumps, 
were analyzed for the period of March to December.  
 
These samples were analysed for δ2H & δ18O and local meteoric water line (LMWL) was developed for 
the study area. The regression line is represented by the equation .03.11O003.8D 18 += δδ  The 
local meteoric water line match well with the regional meteoric water line developed for the western 
Himalaya. The samples from the springs and the hand pump falls on the LMWL indicative of common 
source of origin,  that is by rainfall recharge. 
 
The time series data on spring flow, electrical conductivity and stable isotope variability were analysed 
to provide an understanding of the origin and aquifer characteristics which sustain the spring flow. 
 
 
Introduction 
 
The population in town of Pauri in Pauri District is growing exponentially (annual average growth rate 
of 2%) and is expected to cross over 50,000  by 2025 .The rising population is not only going to create 
an additional demand for the already scare water but it is also going to cause degradation of the 
forested catchment area. The major water supply to this expanding town comes from the river 
pumping scheme on Alkananda River at Srinagar, approximately 30km away. The urban water 
demand is partly met by the naturally existing springs and hand pumps constructed by the Jalsanthan 
Department, Pauri. The depth of drilling of constructed water wells during 1980's used to be upto 50 m 
only, but in recent times the drilling depth has gone as deep as 80 to 100m, indicative of lowering of 
water table in the Pauri urban area. 
 
The understanding of subsurface hydraulic characteristics of these hardrock aquifers or aquifer 
system is lacking as geohydrological investigation has never been carried out by the drilling agencies 
entrusted for groundwater development through water wells construction.    
 
Stable isotope is widely applied in water resources investigation due to its conservative nature (Clark 
and Fritz 1997).In this paper the variability of oxygen and hydrogen isotope in precipitation and ground 
water (spring and hand pump) was examined during the monsoon period of 2010 and for the entire 
year of 2011.  The objectives of this study was to generate a meteoric water line for the study area, 
essential for gaining an insight into the interconnections between springs and water wells, and also to 
gain preliminary understanding of the aquifer characteristics through application of electrical 
conductivity and stable isotope data. 



 
Theme VI 

193 
 

 
Study Area 
Pauri urban area spread at an elevation range from 1700 to 1800 m, between latitudes 30º05' N and 
30º10' N and between longitudes 78º40'E and 78º45'E.  It is the district head quarter with a population 
of around 27,000 (Census of India 2001). The steep urbanised hillslope comes under micro catchment 
of Khandha River, a tributary of River Alaknanda.   
 
Land-use-land-cover of the study area falls under three broad categories: forest cover (reserve and 
village forests), urban area and agriculture land. Geologically, study area is mainly dominated by Pauri 
Phyllites. The regular foliation/bedding and fractures in the Phyllites act as a conduit for the recharge 
of the springs in the area. The study area has humid temperate climate and the average annual 
rainfall for the district is 1,582.6 mm (Indian Meteorological Department).The study area received 
above normal rainfall during the monsoon period of 2010 and near normal rainfall in the 2011 
monsoon. 
 
 
Methodology 
 
Spring discharge of one representative spring within the urban area was measured with a volume 
calibrated bucket and stopwatch at daily time step. Three to five readings were taken daily and the 
average value was recorded. Along with discharge data collection, electrical conductivity (µS/cm) of 
the spring water samplesf was measure daily from May 2010 to April 2011 using portable conductivity 
meter with temperature compensation at 25ºC.  Digital rainfall event logger was installed to record the 
precipitation data. Event loggers are most commonly used with tipping-bucket rain gauges, where 
each tip of the bucket represents one-hundredth inch of rain. 
 
Weekly spring water samples were analyzed during the monsoon period (June–September) of year 
2010 and event based rainfall samples were collected during the same period using ordinary rain 
gauge. The rainfall samples were collected at Checha Village at approximately 1500m elevation and 
as per the guidelines of IAEA. Water samples from almost all the hand pumps (12) spread within the 
urban area were collected on 27 August 2010. In the subsequent year (2011), weekly to bimonthly 
water samples of spring water, rainfall and one of the hand pumps were sampled for a period of March 
to December 2011. The hand pump identified for year round sampling was selected at the upslope of 
the spring. All the water samples were collected in 15ml HDPE narrow mouth bottles and sealed. The 
isotope analysis of water samples were carried out at National Institute of Hydrology (NIH), Roorkee, 
using Dual Inlet Isotope Mass Spectrometer (DIIRMS) for δ2H, and continuous flow isotope ratio mass 
spectrometer (CFIRMS) for δ18O following the standard procedure (Epstein and Mayeda 1953, 
Brenninkmeijer and Morrison 1987) measurements, and is based on VSMOW (Vienna Standard Mean 
Oceanic Water-II). 
 
 
Results and discussion 
 
A plot of spring hydrograph (Figure1) for year 2010 and 2011 reveals that a minimum discharge of 
around 10 lpm was maintained during the winter(January and February) and summer  (March to May) 
of 2010, and during the monsoon period a peak flow of 92 lpm was observed. The peak in spring flow 
coincides with the peak in the rainfall. Similar pattern was observed in 2011. The difference noted 
during 2011 is that the spring maintains a higher baseflow (approx. 20 lpm), sharp peak and relatively 
gradual decline during recession period. It is worthwhile to mention here that year 2009 was a year of 
moderate drought where the study area received deficient rainfall whereas year 2010 was a surplus 
rainfall year. A significant rise in the baseflow observed during 2011 is caused by the above normal 
rainfall in the study area during 2010.The total recorded rainfall in the years 2010 and 2011 were 
167.74 cm and 168.45 cm respectively .The observed monsoon rainfall (June–September) in both the 
years  was more than 75% of the total yearly rainfall. The initial spring flow electrical conductivity is 
around 600 µS/cm (with temperature compensation at 25ºC), which increase to as high as 838 µS/cm 
(peak of EC curve on 8 August 2010).This was followed by a sharp decline in the conductivity and 
subsequent recovery of conductivity value. The sharp decline indicated an influx of new water after 
high conductivity old groundwater has been pushed through the aquifer matrix deciphering the piston-
flow mechanism.  
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Isotopic characteristics of precipitation 
Rainfall isotopic characterisation of the study area from the precipitation sample collected between 
June to September 2010 shows an enriched value in June, and as the monsoon progresses the 
average isotope composition becomes more and more depleted (Figure 2). The δ2H and δ18O values 
of the rainfall samples ranged from -149.15‰ to 47.46‰ and -19.71‰ to 6.00‰.The average and 
median δ18O value for monsoon season(JJAS) of 2010 is close to -10.00‰ and -12.52‰ respectively. 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
Monthly isotopic variability (Figure 2) observed for the year 2011 (February to August) showed an 
enriched value in February and pre-monsoon period, and gets depleted in the months of July to 
August 2011, as observed in 2010 alsotoo. The δ2H and δ18O values of the rainfall samples ranged 
from -141.92‰ to 27.15‰ and -18.70‰ to 3.85‰, respectively. The average and median δ18O value 
for monsoon season (June–August) of 2011 were close to -8.51‰ and -10.00‰ respectively. The 
observed value is found to be more enriched compared to the monsoon period of 2010 because 
September rainfall which has the most depleted signature was not collected in 2011. The average and 
median δ18O value for all the observed months in 2011 were close to -6.00‰ and -5.00‰ respectively. 
 
Isotopic characteristics of groundwater 
Weekly samples of spring discharge during the monsoon period of 2010, and weekly to bimonthly 
samplings in 2011, had average value of δ18O at around -10‰ (Figure 3). This indicated seasonal 
biases towards the monsoon recharge. The data from the twelve hand pumps collected on 27 August 
2010 also showed a close to -10‰ value indicative of the fact that springs and hand pumps were 
tapping the same groundwater aquifer. The year round samplings of a single hand pump (bimonthly as 
well as weekly) showed a little more depleted value. As compared to the high seasonal rainfall isotopic 
data variability, the observed temporal variability of groundwater δ18O time series data for 2011 is 
stable. This might be due to the influence of thick soil cover (≥ 2m) in the catchment area of the spring 
and hand pump.  

Figure 2. Box plot of monthly δ18O isotope content of precipitation samples for the year 
2010(monsoon) and 2011(year round) for Pauri urban area 

Figure 1. Time series of spring discharge (litres per minute, lpm) and electrical 
conductivity for 2010 and 2011 as well as rainfall data in cm 
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the precipitation in the unsaturated zone. An obvious seasonal bias towards the monsoon recharge is 
found as the average isotope content for groundwater (spring and hand pump) was found close to -
10.00‰.The local meteoric water line (LMWL) developed from isotopic composition of precipitation 
corresponds well with the humid regions and with the regional meteoric water line developed for 
western Himalaya. Groundwater samples plot on the LMWL indicating rainfall as a common source of 
origin. 
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Water is a finite natural resource crucial for the survival of humans, animals and plants. The global 
distribution of available fresh water limited to nearly just 3% of the total water makes it even more 
critical. Obtaining ground water in a region where water table are either very deep or lies beneath hard 
rocks, puts another limitation to use only the availably surface and sub-surface water sources for the 
basic needs. Uttarakhand is an Indian State lying in the Himalayan topography. Most of its area, 
covering almost more than 90%, is hilly terrain with nearly 65% forest cover. People of the region and 
majority of downstream population are dependent upon the surface and sub-surface waters retained 
and transformed by the regional forests. Therefore, the surface and sub-surface water flows and their 
quality, formed on the forested watersheds of the state, need to be monitored for addressing various 
forest management practices and their associated impacts upon the hydrological regime. There have 
been several studies undertaken worldwide for measuring the regulatory services provided by forests 
on the watershed areas. However, every forest service varies from region to region and thus it may not 
be justifiable to mechanically transfer the values received in those studies onto the forests of 
Uttarakhand. The attempts to evaluate the various services, including water regulatory services of 
Uttarakhand have often been made by simply multiplying the monetary values of unit forest area by 
the total forest cover area of the region. This study suggests evaluating the total economic value of 
water regulatory services provided by forests of Uttarakhand more precisely by laying a framework 
and setting a long term multi-location monitoring programme. Based upon the observations of water 
flows and their quality in different forest cover types, obtained on the monitoring stations of the State, 
a meta-modelling framework will be adopted to address the role of forests in sustainable watershed 
management. This paper discusses the meta-modelling framework proposed to appropriately quantify 
the water flow regulation and its economic value generated by the forests of Uttarakhand. 
 
 
Methodology 
 
Forest ecosystem is an integration of various biotic and abiotic components, and the interaction 
between them, at a given point of time and space. The quantitative values of the ecological processes 
involving different components and interactions between them vary with space and time. Therefore, for 
estimating the values more precisely for a particular ecosystem service; for example water regulatory 
service, at a particular place and time, one needs to monitor the values by laying a set of actual field 
experiments and its logical representation in a given framework. The present study suggests a meta-
modelling framework for assessing the water regulatory services provided by the forests of 
Uttarakhand. Meta-model can be defined as the model of a model. Meta-modelling is the construction 
of a collection of 'concepts' (things, items, processes, factors) within a certain domain. A model is an 
abstraction of phenomena in the real world; a meta model is yet another abstraction highlighting 
properties of the model itself. 
 
Theoretical understanding of hydrological processes and resulting water balance for the forests of 
Uttarakhand can be achieved by laying experimental observations on long term basis for different 
forest types of the State. Monitoring of the water flow to calculate crown interception, evaporation from 
snow and  water, snow melt, water release from snow, freezing  and thawing of soil-grounds, 
infiltration, formation of all kinds of runoff and transpiration together with the monitoring of water quality  
is suggested for different kinds  of forest cover based upon species, crwon density, area and age 
class. The other components such as edaphic and climatological management activities are as 
represented in the conceptual framework shown in Figure 1. 
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Figure 1. Meta-model framework for simulating water flow (Khaiter and Erechtchoukova 2010) 
 
 
Results and discussion 
 
In order to quantify the water regulatory services provided by the forests of Uttarakhand, it is 
necessary to compare the components of the water balance in an experimental watershed with and 
without forest cover. It is obvious that the availability of such 'paired" watersheds is extremely limited 
since the watershed without timber stand could be obtained only after the trees in the forested 
watersheds are cut down. Using two physically different watersheds would limit the comparability of 
the results due to the uniqueness of each watershed in terms of local topology, geology and 
vegetation. Subsequently, the results registered in an experimental watershed are not always 
applicable to other watersheds, even if they are within the same geographical area and of 
approximately the same size. To overcome these methodological difficulties, an approach has been 
suggested (Khaiter 1993) that is based on a simulation modelling. This simulation modelling approach 
will be applied for the forests of Uttarakhand after obtaining the desired experimental values; for the 
simulation run, through set of experimental monitoring stations under different forest stands for a 
significant period of time. Simulation model of Uttarakhand Forest Hydrology (SMUFH) of the 
processes of water transformation in a forested watershed stimulates the processes of forest 
hydrology, and calculates crown interception, evaporation from snow and water, snow melt, water 
release from snow, freezing and thawing of soil-grounds, infiltration, formation of all kind of runoff, and 
transpiration. The model simulates the value of the water balance components, and provides a 
quantitative assessment of the hydrological service of the forest. The SMUFH represents the 
distribution of precipitation using the following water balance equation: 
 

 
 
Where PR is atmospheric precipitation (rainfall); EVC, EVF and EVS are evaporation from canopy, 
floor and soil, respectively; QSUR and QSUB are surface and subsurface fluxes, respectively; TR is 
transpiration; SM is the variation of soil moisture content; and QGR is water recharge to the 
groundwater table. 
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The modelling of water transformation in the SMUFH will be calculated at three levels (or hydrological 
niches) as proposed by Voronkov (1988): tree crown, forest floor, and soil layer of a given thickness, 
Z. The balance condition should obviously be satisfied for each of the hydrological niches: 
 

INC   OUT                                                             (2) 

 
Where j denotes a hydrologic niche (j=1, 2, 3): Wj is the water contents in the jth hydrological niche; t 
is the time variable; INCji and INCjk are the ith incoming water balance item and kth out going water 
balance  item, respectively, for the jth hydrological niche. 
 
In order to quantitatively assess the hydrological service of forest, it must be formally defined. It could 
be expressed through the positive influence of forest vegetation on both the richness of stream flows 
and the soil moisture content. Given that traditionally in hydrology, all items from the water balance are  
considered as positive (or useful) ones, except for losses to evatransportation and surface runoff, a 
formalization of the notion of the hydrological service of a forest and its estimation QUSE was 
proposed (Khaiter 1993) in the form of the following expression :  

 
Where the superscripts "F" and "O" denote forested and open (forestless) watersheds, respectively; t 
is the time variable; and T is the duration of a specified time interval. 
 
The computer experiments with the SMUFH will be carried out for the watersheds representing 
different forest tree stands and soil types. The computed estimate of the hydrological service in this 
simulation for watersheds will be added to obtain the total hydrological services provided by forests of 
Uttarakhand. Two extreme situations (forested vs. open watershed) will be modelled and compared in 
simulations. In terms of the forest management practices, such a transformation corresponds to 
completer clear cutting. Obviously, anthropogenic activities of forest management will lead to any 
intermediate scenarios. Forest management interventions will be considered for the change in soil 
density SD; and percent of forested areaF %: SD = SD (u(t) and F% =F% (u(t). These two factors will 
be used in the building of the response surface, approximating the data generated by simulation 
experiments. As a result, the response function will be obtained to estimate the hydrological service 
provided by forests of Uttarakhand. 
 
 
Recommendations 
 
Forest ecosystem generates various services and benefits which are altered with intervention of forest 
management practices. For various practical needs of sustainable management, it is important to 
predict and quantify the possible changes in the ecosystem services such as hydrological regime of a 
given watershed as a result of anthropogenic activities. Here the models could be uesd to estimate the 
ecosystem services under different forest management scenarios in advance before actually 
harvesting the forests.  
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The distribution of water on the Earth’s surface, particularly in forests, plays a central role in governing 
temperature and precipitation patterns. The hydrologic cycle is the pathway of water movement on 
Earth and in the atmosphere, and is strongly coupled to the climate system. Increasing climate change 
has generated awareness of the adverse impacts it has caused on the availability and quality of water 
in many regions of the world, especially forest lands. This growing body of science has demonstrated 
that the Earth’s climate has warmed rapidly during the 20th century, leading to significant changes in 
the hydrological cycle. Forests are a significant part of the global carbon cycle. Forest ecosystems 
make an important contribution to the global carbon budget. It should thus be emphasized that forests 
can only take up carbon if they take up water at the same time. In addition, and very important in this 
context, forests have a great potential to reduce impacts of climate change on water resources. But 
hydrologic changes, particularly the changes in snow-packs and runoff patterns, are among the most 
prominent and important consequences of climate change. These changes are expected to intensify in 
the future and have huge impacts on forests and the watershed services they provide. This research 
paper summarizes these changes and expected impacts, based on the work of leading authorities 
such as the Intergovernmental Panel on Climate Change (IPCC) as well as many other individual 
scientists and institutions around the world. 
 
 
Methodology 
 
The details pertaining to this study were compiled from published literatures and also from the reports 
of various worldwide organizations. The idea behind the paper is to give an overview of the interaction 
between climate change and forests, with the impacts on water quality and its availability. However, 
the focus has also been made on the changes in forest water resources and hydrological cycle due to 
changing climate. 
 
 
Results and discussions 
 
Forests play a crucial role in the hydrological cycle. Forests influence the amount of water available 
and regulate surface and groundwater flows while maintaining high water quality. Forests and trees 
contribute to the reduction of water-related risks such as landslides, local floods and droughts, and 
help in checking desertification and salinization. Forested watersheds supply a high proportion of the 
world’s accessible fresh water for domestic, agricultural, industrial and ecological needs, in both the 
upstream and downstream areas. 
 
Climate is a major driver of forest species distributions and growth rate, as well as the structure of 
forests. Thus, climate change has significant effects on forest hydrology, particularly the amount of 
water available. Higher water temperatures, flooding, and droughts have affected water quality and 
exacerbate water contamination. The availability and quality of water in many regions of the world are 
even more threatened by overuse, misuse and pollution, and it is increasingly recognized that both are 
strongly influenced by forests. Moreover, climate change is altering forest’s role in regulating water 
flows and influencing the availability of water resources (Bergkamp et al. 2003). 
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Table1. Trends of precipitation and its projected impacts on different sectors 
Phenomenon and 
direction of trends of 
changes in 
precipitation patterns 
due to climate change 

Major projected impacts on different sectors 

Agriculture, forestry 
and ecosystems 

Water resources 
 Human health 

Heavy precipitation 
events: frequency 
increases over most 
areas 

Damage to crops; soil 
erosion; inability to cultivate 
land due to water logging of 
soils. 

Adverse effects on quality 
of surface and 
groundwater; 
contamination of water 
supply; water scarcity may 
be relieved 

Increased risk of 
deaths, injuries and 
infectious, respiratory 
and skin diseases. 

Area affected by 
drought increases 

Land degradation, lower 
yields/crop damage and 
failure; increased livestock 
deaths; increased risk of 
wildfire. 

More widespread water 
stress 

Increased risk of food & 
water shortage; 
increased risk of 
malnutrition; increased 
risk of water- and food-
borne diseases. 

Intense tropical 
cyclone activity 
increases 

Damage to crops; Wind 
throw (uprooting) of trees; 
damage to coral reefs 

Power outages causing 
disruption of public water 
supply. 

Increased risk of 
deaths, injuries, water- 
& food-borne diseases; 
post-traumatic-stress 
disorders. 

(Source: IPCC Fourth Assessment Report, Working Group I) 
 

Table2. Effects of climate change and its impacts on water services 
Observed effects of 

climate change Potential impacts on water 

Increase in atmospheric 
temperature 

Reduction in water availability in basins fed by glaciers that are shrinking, as 
observed in some cities along the Andes in South America (Ames 1998, Kaser 
and Osmaston 2002). 
 

Increase in surface water
Temperature 

Reductions in dissolved oxygen content, mixing patterns, and self purification 
capacity. 
Increase in algal blooms 
 

Sea-level rise Salinization of coastal aquifers 
 

Shifts in precipitation 
Patterns 

Changes in water availability due to changes in precipitation and other related 
phenomena (e.g. groundwater recharge, evapo-transpiration) 
 

Increase in inter-annual 
precipitation variability 

Increases the difficulty of flood control and reservoir utilization during the flooding 
season 
 

Increased Evapo-
transpiration 

Water availability reduction, Salinization of water resources & Lower groundwater 
levels 
 

More frequent and 
Intense extreme events 

Floods affect water quality and water infrastructure integrity, and increase fluvial 
erosion, which introduce different kinds of pollutants to water resources. Droughts 
affects water availability and water quality 

(Source: IPCC AR4, WGII, Chapter 3) 
 
All the elements of the hydrological cycle react differently to climate change, amplifying each other’s 
action, or giving rise to negative feedbacks. In addition, variations in the hydrological cycle often take 
place at regional or even local scale (such as variations in ecosystem composition or runoff 
processes) but they trigger modifications that have an upscale effect possibly leading to regional or 
even global changes in the water cycle. Global climate models indicate the possibility of global 
precipitation changes before the end of the current century, with an intensity and pattern that depend 
on the specific climate scenario. 
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The present investigation was conducted along the bank of River Tons behind the west side of the 
campus of Forest Research Institute (Deemed) University in Dehradun, India. The site also includes a 
small island in the middle of the river. This area was selected not only to understand the relationship 
between the soil and the rocks from that area, but also to open further scope for the investigation in 
the fields of soil fertility, landscape, vegetation, biodiversity, aquatic ecology, a s  w e l l  a s  the 
impact of water on soil and nutrients and erosion caused by the river. 
 
Soil contains the nutrients which are important for plant growth. These nutrients come from parent 
materials and decaying parts of dead organic materials. So it is important to know about the nutrients 
present in the soil, for a better understanding of the vegetation and the biodiversity of a certain area. At 
the same time the understanding of the interrelation between the parent rock and physicochemical 
properties of the soil is important. 
 
Identification of rocks can help in documentation of earth history of the place. Knowledge on the 
chemical, physical and mineralogical properties of rocks helps in understanding the erosions of 
rocks, how they are affecting soil properties, and the processes of soil formation. Rocks collected 
from the river bank can lead to better understanding of the characteristics of the places where the 
river originated and the places through which it has flown.  
 
Metamorphic rocks can indicate the process of metamorphism, thus also the climatic or 
environmental conditions through which the rocks had undergone, which brought about the 
changes in their physical and chemical properties. Sedimentary rock can lead one to understand the 
paleo-geographical conditions which the rocks are formed and the era when they formed. Also they 
may indicate condition and agents responsible for the deposition of constituent material, the extent 
of denudation. The transportation mode of the material can also be extrapolated from the 
information. 
 
In this study the amounts of macro elements like nitrogen (N), phosphorous (P) and potassium (K); 
and microelements such as copper (Cu), zinc (Zn), manganese (Mn), and chromium (Cr) were 
determined. These data can help in understanding the growth of different plant communities, and 
also to determine if any new species can be introduced in this region. 
 
  
Methodology 
 
Soil samples were collected from five sites from the river bank of River Tons, which lies between 
30°21’7.25” N, 77°59’32.86”E to 30°21’7.49” N, 77°59’22.65” E. The elevation of the area ranges from 
611 m to 621 m. Different types of rocks were also collected randomly from these sites. The soil 
samples were air dried, then ground through CYCLOTEC sample mill and screened through 2 mm 
sieves as per procedures described by Jackson (1967). The properties of soil were determined using 
methods described by Black (1965) and Jackson (1967). 
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Results and discussions 
 
The results are as tabulated in Table 1. 
 

Table 1. Properties of soil samples from the bank of River Tons 

Sample 
No. pH Organic 

carbon (%)
Organic 
matter 

(%) 
N (%) K (%) P (%) Cu 

(ppm) 
Zn 

(ppm) 
Mn 

(ppm) 
Cr 

(ppm) 

1 7.5 0.3 0.5172 0.01568 0.014 0.0011 1.082 0.286 2.970 6.722 

2 7.5 0.4 0.6896 0.00504 0.018 0.0008 1.119 0.162 3.194 2.305 

3 7.6 0.26 0.4482 0.00448 0.008 0.0006 0.969 0.102 3.474 2.305 

4 7.6 0.22 0.3793 0.00728 0.007 0.0013 1.019 0.147 3.138 4.199 

5 8.6 0.18 0.3103 0.00504 0.007 0.0012 1.044 0.159 3.194 6.722 

 
 
The rocks collected from the site have been identified as limestone, oolitic limestone, pisolitic 
limestone, quartzite, travertine, shale, dolomite, banded limestone, slate, marble, sandstone, 
conglomerate. 
 
Soil of pH between 6.5 and 7.5 is best for phosphorus availability. Total potassium declines when a 
soil is leached and becomes acid in high-lime or high alkaline soils, also the metallic cations of 
manganese, copper and zinc decrease in solubility. Boron may be leached at very low pH; at very 
high pH its solubility is low. So once the physic-chemical nature of soil is determined then the reasons 
behind the acidic or basic nature of soil can be understood. 
 
Nitrogen (N) is one of the three most important factors in soil that controls plant growth. It is a 
constituent of chlorophyll, protein, nucleic acid. Phosphorus (P) is present in cell nuclei, ATP, ADP or 
other energy storage and transfer chemicals. Potassium (K) helps in plant action and enzyme 
transformation. So studying these macro elements are very essential (Donahue et al. 1983). In Indian 
soil N varies from 0.02% to 0.12% (Mohanty and Singh 2002). 
 
According to Thompson and Fredrick (1975), phosphorus is a component of every living cell and 
tends to be concentrated in the seeds and in the growing points of plants. Phosphorus is present in 
soil in both organic and inorganic form. The organic phosphorus is not available to plants until the 
organic matter is partly decomposed. Phosphorus is available in soil in the forms of H3PO4, H2PO4, 
HPO4 and PO4. .Among them H2PO4 is most readily absorbed by plants. PO4 is available at very high 
pH, and H3PO4 is available at very low pH, so they are less significant for plant nutrition. Phosphorous 
varies in Indian soils from 100 to 2000 ppm (0.02–0.5%). In calcareous soil calcite acts as absorbent 
for P, and impure calcites and those of high specific surface result is more absorption of P and rapid 
formation of Ca-P precipitates (Tiwari 2002). 
 
Thompson and Fredrick (1975) mentioned that potassium does not enter into covalent bonds of 
organic compounds as do nitrogen, phosphorous and sulphur, but they remain as active ions within 
living plant cell, and leaches out of dead organic matter. Main sources of potassium in soil are 
muscovite mica, biotite mica, and orthoclase feldspar. Most soil contains 0.454–2.268 kg of 
potassium dissolved in soil solution. Plant roots can absorb potassium either by exchange of another 
cation (eg. H+) or along with anions such as NO3

- or H2PO-. Potassium ions balance maintains the 
electrical neutrality in both soil and plants. 
  
The compounds containing most of the potassium as structural elements of minerals are feldspar and 
mica (Rao and Bhar 2002). The divalent copper ion (Cu2+) is strongly bound in to humic and fulvic 
acids, forming copper-organic matter complexes (Stevenson and Fitch 1981).  
 
Copper may be present in acidic soils. Its sources are chalcocite (Cu2S), covellite (CuS), cuprite 
(Cu2O), malachite [Cu2(OH)2CO3], chrysocolla (CuSiO3.2H2O) and azurite [Cu3(OH)2(Co3)2]; it is 
present in nature as sulphides, oxides, hydroxyl carbonates, silicates (Deb and Sakal 2002). 
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According to Donahue et al. (1983), zinc is the most immobile in most soils. Zinc deficiencies can be 
expected in basic and calcareous soils, particularly if topsoil has been eroded. Zinc may also be less 
in coarse sands; heavy phosphate applied land and exposed subsoils. Its availability in soil surface is 
0.08–20.5 ppm; and its sources are sphalerite (ZnS), smithsonite (ZnCO3), hemimorphite 
[Zn4(OH)2Si2O7.H2O] and Zn is available as sulphides, oxides, carbonates and silicates (Deb and 
Sakal 2002). 
 
Of the micronutrient transition metals (manganese, copper, zinc and molybdenum), manganese has 
the lowest complex stability constant and thus forms the weakest bonds (Clarkson and Hanson 1980). 
Range of Mn in surface soil is 37 to 1 150 000 ppm, available range 0.60–164 ppm (Deb and Sakal 
2002). The mineral sources of Mn are pyrolusite (MnO2), manganite (MnOH), rhodochrosite (MnCO3), 
rhodonite (MnSiO3).Its major forms in nature are oxide silicate and carbonates. According to Aubert 
and Pinta (1977) the total chromium content of soil ranges from traces to 3000-4000 ppm the mean 
ranging from 100 to 300 ppm. 
 
Samples 1, 2, 3 and 4 are slightly alkaline, whereas sample 5 is highly alkaline. Since pH is high in 
the soil samples so movement of K+ ions to soil colloidal surfaces and becoming susceptible to 
fixation should be easier in these areas. Since phosphorous availability is best for pH of soil between 
6.5 to 7.5, so phosphorous should be best available to plants in regions from where soil samples 1 
and 2 had been collected. Mineralization of nitrogen and should be fast in all five sites since the pH 
required for the fastest mineralization of nitrogen and sulfur ranges between pH of 6 to 8. Since pH of 
the soil is high, so the uptake of manganese by the plants in this region should be low. High pH and 
presence of limestone indicates presence of free CaCO3, so uptake of K ions by plants may be 
reduced here. 
  
The amount of nitrogen in soil ranges from 0.00448% to 0.01568%. Though N in soil can vary from 
0.02% to 0.44%, in Indian soil N varies from 0.04% to 0.12%. The amounts of nitrogen in these soil 
samples fall within this range. The very low nitrogen level is most probably due to the prevailing 
higher temperature of the Indian tropical climate. The phosphorous present in this samples are very 
low.  
 
Among the rocks that have been identified from the area of study, according to Tyrrell (1985) and 
Pellant (2000), all are sedimentary rocks; except quartzite, slate and marble which are metamorphic 
rocks.  
 
Limestone is an important source of calcite which makes the soil calcareous. They may also supply 
quartz, clay and some other detrital minerals. Dolomite is a source of mineral dolomite, secondary 
silica and other detrital minerals. Sandstones may contribute quartz, feldspar, mica, iron oxides and 
calcite. Shale can supply clay minerals, detrital quartz, mica, silica, carbonaceous matter. They also 
may contain pyrite and gypsum. Conglomerate may contain sand, silt, small rock fragments and iron 
oxides, quartz, and calcite. 
 
Among the metamorphic rocks, slates are sources of micaceous minerals, chlorite, quartz and 
feldspar. Marble is the source of CaO. Quartzite may supply quartz and feldspar. This study indicates 
that most of the rocks present in the area are sources of quartz. Mica, feldspar, silica could also be 
supplied by these rocks. The soil is expected to be rich in calcium due to the presence of limestone 
and quartz. 
 
The origin of river Tons is in the Himalayas, and it has flown through different regions of this mountain 
range. Since limestone, dolomite and shale, which are formed from precipitation of materials in 
different regions of oceans or seas, their availability in the bank of Tons supports the concept that the 
origin of Himalaya is from the Tethys Ocean. The presence of limestone and marble, sandstone and 
quartzite at the same place indicates that limestone and sandstone, which are sedimentary rocks, 
have been heated and converted into metamorphic rocks as marble and quartzite respectively. 
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Ganga is the national river of India and is considered sacred. It is about 2525 km long, flows from 
Himalayas to Bay of Bengal across 52 cities and 48 towns (Parua 2010). Its two parent streams, the 
Alaknanda and the Bhagirathi, emerge out from Gaumukh at Gangotri and are joined at Devprayag to 
form the River Ganga. The two parent streams are snow fed and owe their origin at Himalayan 
Glacier. At Rishikesh-Hardwar, the Ganga cuts across the Shivalik Hills and enters the plains. 
Therefore, Hardwar is known as the Gateway of God. The River Ganga occupies a unique position in 
the cultural ethos of India, from times immemorial it has been India's river of faith, devotion and 
worship (Alter 2001).The Ganga Basin supports rich biodiversity as well. It is home to a large number 
of resident and migratory birds. It has over 140 fish species including the Gangatic Dolphin which has 
been declared as a national aquatic animal by the Government of India, 90 amphibian species and 
five area that support birds found nowhere else in the world (Parua 2010). Scientists believe that the 
“zebra fish” found in Ganga has the ability to regenerate its cardiac muscle, which may hold the key to 
the discovery of drugs and treatment, which will allow human heart to heal itself after heart attack 
(Spence et al. 2007). The Ganga decomposes organic waste 15–25 times faster than other rivers. It 
has extraordinary high rate of reaeration, the process by which a river absorbs atmospheric oxygen. 
Experts observe that Ganga, once called the “reservoir of oxygen” was the only river in the world that 
had 12 ppm (12 mg/l) of oxygen, however oxygen content has reduced to 4–8 ppm curremtly at many 
places (Puttick 2008). However, as per World Widelife Fund for Nature (WWF), the Ganga ranks as 
one of the top 10 rivers at risk and if pollution is not managed, the river will be completely degraded. 
With time and because of increased human intervention, the sacred Ganga has become impure. As 
the river passes through the cities, billion of litres of human faeces, industrial and agricultural waste 
find their way into it, destroying the natural ecosystem of the river and threatening the population 
depending on it. Thus, water of Ganga is overloaded with pollutants. In fact, according to a study, it is 
feared that a dip in Ganga might lead to some skin diseases (CPCB 2008). 
 
A GIS is as a computer system capable of assembling, storing, manipulating, and displaying 
geographically referenced information. The advantage of using a GIS map is the easiness to display 
and integrate a wide range of information such as landuse, point source discharges, and water supply 
sites at a scale chosen by the user (Ganapathy and Ernest 2004). This study is to develop a water 
quality map by using GPS and Geographical Information System (GIS) technique and analytical 
laboratory analysis of water collected from different sampling stations of Haridwar (Uttarakahand). 
That database shall be used as a user-friendly decision support tool, with the objective of be readily 
used to identify problems, establish relations with other spatial variables and serves as a tool in the 
decision making process.  
 
 
Methodology 
 
Haridwar District, covering an area of about 2360 km2, lies in the western part of Uttarakhand State of 
India. Its latitude and longitude are 29.58ºN and 78.13ºE respectively and height from sea level is 
249.7 m. The study area covers around 10–12 km long stretch from upper Dhudihya Dham to Kankhal 
area of the River Ganga, falling between latitude 29º58’ to 29º54’ N and the longitude78º58’ to 78º08’ 
E. Five sampling stations:  A - Dudhiya Dham, B - Har Ki Pauri, C - Chandi Ghat, D - Lalji Wala (Rori 
Belwala), and E - Kankhal Area, were selected for this purpose and five samples were collected from 
each site, amounting to a total of  25 samples. The sampling sites were selected on the basis of an 
earlier study done by Dev Raj Khanna (Khanna 1986), so that comparative study can also be done. 
The water quality parameter included pH, dissolved oxygen (DO) (mg/l), total solids (TS) (mg/l), total 
suspended solids (TSS) (mg/l), total dissolved solids (TDS) (mg/l) and transparency (cm) were 
analysed at the Forest Research Institute laboratory using APHA (APHA 1995) manual and CAPRI 
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manual. LISS-III data was taken for landuse land cover map was prepared using ERDAS Imagine of 
the study area (Hardwar region). Point coverage (GPS point) was prepared using Arc GIS 9.3.  Using 
point coverage map, the different layers of pollutant were generated and interpolated with spatial 
analyst. Spatial variation maps (Isoline maps) for various major pollutants were also prepared using 
the same Arc GIS 9.3 software. Point coverage was prepared for different layers of water quality 
parameters created with the help of GIS Arc Veiw 9.3 interpolation technique. 
 
 
Result and discussion 
 
The water quality parameters varied from site to site. But the important parameter clearly shows that 
the water quality at the (A) Dhudhiya Dham is quite good but as one move down the river towards (E) 
Kankhal Area and so on, water quality start degrading. 
 
When the river enters into the city, the dissolved oxygen (DO), is around 6.8 mg/l and when it leaves 
the city, the value decreases down to 4 mg/l at Khankhal Area, clearly showing that the water starts 
deteriorating not only for the human but becomes a great threat to biodiversity of the river. During the 
period of investigation, four out of 25 samples showed DO below bathing level (5 mg/l). Presence of 
DO in water may be due to direct diffusion from air and photosynthetic activity of autotrophy. The 
transparency of the river water also decreases as one moves from Sampling Station A (Dhudiya 
Dham) to Sampling Station E (Kankhal Area), it was observed during the time of field visit that sewage 
directly entered into the river without any treatment at many places in Khankhal Area. The total solids 
(TS) and total dissolved solids (TDS) also showed highest values (1080 mg/l and 91 mg/l) at (E) 
Khankal Area and lowest (360 mg/l and 25.4 mg/l) at (A) Dhudiya Dham. As the river passes through 
Haridwar, thousand of litres of sewage, industrial and sometimes agricultural waste, find their way into 
it, destroying the natural ecosystem of the river and threatening the population depending on it. It has 
been reported that over thousands litre of sewage is dumped directly into the river everyday in the 
Haridwar City. 
 
GIS based map 

 
The transparency zonation map was created with three zones: <50 cm, 50–60 cm and >60 cm. It has 
been seen that the water transparency decreases from Dhudiya Dham (Sampling Station A) to 
Kankhal Area (Sampling Station E). DO of the River Ganga at Sampling Station A is high. Its zonation 
map were categorised on basis of <4 ppm, 4–6 ppm and >6 ppm. The lowest value of DO observed 
was 3.74 mg/l at many places like Har Ki Pauri, Chandi Ghat and Khankhal Area. The highest value of 
DO observed was 6.24 mg/l at Dhudiya Dham. It has been observed that the water of the River Ganga 
cannot be used directly for drinking purpose. The TS zonation map were created and categorised on 
500–900 mg/l and >900 mg/l. The amount of TS increases from Sampling Station A (Dhudiya Dam) to 
Sampling Station E (Kankhal Area). The TSS categorised in three categories <300 mg/l, 300–900 mg/l 
and <900 mg/l of the Ganga water at Haridwar. TDS categorised as <50 mg/l, 50–100 mg/l and >500 
mg/l and it increases from Dhudiya Dham to Kankhal Area.  
  



 

 
 

Table 1. Water quality parameters at different sampling sites of five sampling stations 

Sampling 
Station Sampling Site Latitude Longitude Colour 

Air 
Temp. 

(oC) 

Water 
Temp. 

(oC) 
Velocity 

(m/s) 
Transparency 

(cm) 
DO 

(mg/l) 
COD 
(mg/l) pH TS 

(mg/l) 
TDS 

(mg/l) 
TSS 

(mg/l) 

 Dudhiya Dham (Sapt Sarovar)              

A Dudhiya Dham (A1) 29 58 19.07 78 58 06.01 Clear/ Blue 32.00 18 0.151 62 6.24 88 7.96 400 23 377 

A Dudhiya Dham (A2) 29 58 51.02 78 11 33.08 Clear/ Blue 34.00 20 0.190 90 7.82 112 8.59 200 25 175 
A Sapt Sarovar (A3) 29 59 18.02 78 11 53.00 Blue 31.60 24 0.200 85 5.54 96 8.47 400 26 374 
A Bhimgoda Wetland (A4) 29 57 36.04 78 10 44.06 Green 30.00 18 0.333 65 5.99 128 8.12 600 24 576 
A Dudhiya Dham (A5) 29 27 47.02 78 10 49.09 Green 27.00 18 0.200 45 5.82 140 8.02 200 23 177 

 Har Ki Pauri              
B Opposite to Bekunth Ashram (B1) 29 57 49.06 78 10 27.04 Green 30.05 20 0.101 42 5.74 84 8.2 1000 84 916 
B Opposite to Jairam Ashram (B2) 29 57 54.05 78 10 29.04 Blue 34.00 20 0.206 43 4.99 132 8.29 1600 76 1524 
B Har Ki Pauri near Shiv Statue (B3) 29 57 41.08 78 10 25.07 Green 31.00 20 0.146 30 5.40 156 8.4 600 89 511 
B Har Ki Pauri near Clock Tower (B4) 29 57 35.07 78 10 21.06 Green 32.00 19.5 0.105 53 4.57 116 8.36 1000 69 931 
B Har Ki Pauri (B5) 29 57 32.00 78 10 23.01 Green 32.00 20 0.636 42 6.74 168 7.96 600 82 518 

 Chandi Ghat              

C Chandi Ghat near Flyover (C1) 29 56 32.04 78 09 59.07 Green 31.00 18.5 0.320 53 5.32 136 8.51 1000 99 901 

C Singh Dwara (C2) 29 56 18.21 78 09 43.58 Green 29.50 17.5 0.627 42 6.50 92 8.19 1000 92 908 

C Prem Nagar Ashram (C3) 29 56 04.09 78 09 45.13 Green 29.50 18.6 0.509 54 5.40 88 7.82 400 38 362 

C Chandi Ghat (C4) 29 55 40.68 78 09 49.66 Green 30.00 18 0.672 53 5.40 176 7.96 800 50 750 

C Chandi Ghat (C5) 29 56 13.00 78 08 54.03 Green 31.00 19.5 0.732 52 5.85 124 8.05 600 54 566 

 Lalji Wala (Rori Belwala)              

D Alknanda Ghat (D1) 29 56 47.00 78 09 44.01 Green 31.00 19 0.712 48 5.40 96 8.2 600 45 555 

D Opposite to Ram Dham (D2) 29 56 38.00 78 09 34.02 Green 27.00 18 0.583 50 5.82 52 8.37 800 48 752 
D Opposite to Hanuman Mandiri (D3) 39 56 53.01 78 09 49.06 Green 30.00 19 0.560 53 4.47 136 8.21 1000 110 890 
D Near Satabdi Setu (D4) 29 57 03.08 78 10 02.06 Green 31.00 18 0.396 48 4.16 136 8.18 800 58 742 
D B/T Batabdhi Setu and Shiv Setu (D5) 29 57 15.00 78 10 09.07 Green 31.00 18 0.567 56 5.99 96 8.36 1000 68 932 
 Kankhal Area              

E Gurukul Kangri University (E1) 29 54 48.40 78 09 38.21 Green 31.00 18.5 0.739 52 5.32 176 8.62 800 58 742 

E Jwalapur Basti (E2) 29 54 36.36 78 04 38.35 Green 30.50 19.5 0.681 54 4.57 184 8.19 1000 83 917 

E Jatwara Bridge (E3) 29 54 28.97 78 08 58.18 Green 30.50 19 0.690 43 5.74 146 8.51 1600 98 1302 
E Jwalapur Power Cooperation (E4) 29 55 23.15 78 08 58.62 Green 28.90 18 0.708 40 4.40 163 8.52 1400 116 1484 
E Aavdoot Mandal Ghat (E5) 29 54 12.75 78 08 41.06 ST 27.00 18.5 0.676 52 4.57 108 7.78 1200 102 1098 
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Comparative study 
The comparative study of water quality parameters of March 2011 and March 1986 shows there is 
drastic deteriorating in the water quality. DO was around 12 mg/l of oxygen in 1986. But today this has 
reduced to 4–8mg/l. These deteriorations were severe although the Ganga Action Plan has already 
started implementing and there are also a number of other initiatives taken by the State (Sparsh 
Ganga Programme) and the Central (National Ganga River Basin Authority) governments and many 
more, besides civil society and NGOs. 
 
Table 2. Comparative data of water quality parameters of the Ganga River at Haridwar of March 2011 

and March 1986 

Sampling 
stations 

A B C D E 

2011 1986 2011 1986 2011 1986 2011 1986 2011 1986 

DO(mg/l) 5.68 10.29 4.49 10.5 4.67 9.79 4.97 7.99 4.32 NA 

pH 8.24 7.78 8.24 7.94 8.1 7.96 8.26 7.96 8.32 NA 

Transparency(cm) 69.4 158 42 120.5 50.8 80 51 180.2 48.2 NA 

TS(mg/l) 360 170 960 181 760 164 960 152 1080 NA 

TSS(mg/l) 335.8 162.5 880 179 696.4 155 891 150 988.6 NA 

TDS(mg/l) 24.2 7.5 80 2 63.6 9 69 2 91.4 NA 
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Himalaya is the home of the diverse flora and fauna on the Earth known as mega biodiversity hot spot. 
The biodiversity of Himalaya consist multiple functions and potential to contribute to improving the 
livelihoods of poor, endemic, rural, landless and socially marginalized communities. The diversity, 
abundance as well as uniqueness of the biodiversity components in various habitats retained sound 
and have maintained the aesthetic environment and the serenity of the Himalaya containing about 40 
per cent of the world’s poor (ICIMOD 2010) which shows a marked impacts in terms quality and 
availability of resources. It harbors the highest number of plant species known for food, fuelwood, 
fodder, timber as well as medicinal properties among all the Indian Himalayan states (Kala et al. 
2004). The wild medicinal plants are one of the sources of income generation due to their various 
traditional and modern therapeutic uses (Samant et al. 1998).   
 
Wetlands are increasingly being recognized for their vital role and are the highest producers of 
biomass compared to any other ecosystem type worldwide, far outstripping river estuaries, tropical 
rain forests and even coral reefs (Prasad et al. 2002, UKFD and WWF India 2012).Owing to this 
attribute, wetlands are often referred as “biological supermarkets” (Prasad et al. 2002). The Himalaya 
is also known for their unique water bodies like lakes, wetlands and high altitude wetlands (above 
3000 masl). The areas surrounding the high altitude wetlands consist of unique flora, especially native, 
endemic and medicinal plants. In the recent past years, the natural disasters, developmental activities, 
excessive exploitation of vegetation, unsustainable tourism and grazing practices accelerated the 
deterioration of unique biodiversity of Himalaya any and its high altitude wetlands (Balodi  and Jatinder 
2013). Specific human activities that degrade natural resources and natural population vary depending 
upon the area examined and socio-economic system, pattern of resources utilization and degradation 
(Kerr and Currie 1995, Awasti et al. 2003). The anthropogenic activities in forest and wetland areas 
cause forest degradation, soil erosion and deterioration of quality with alteration of ecosystem services 
of natural ecosystem. 
 
The Dodital wetland, a high altitude wetland likes other wetland facing enormous anthropogenic 
pressure including uncontrolled grazing, unsustainable tourism, medicinal plant exploitation and 
infrastructure development. The main objectives of the present study were to understand the socio-
economic status of local people and nomadic Gujjars migrated from Shivalik area. The study was also 
made to understand the dependency and utilization pattern of these communities. 
 
 
Methodology 
 
Study area 
The present study was conducted in Bhatwari block of Uttarkashi District in state of Uttarakhand. The 
Dodital wetland is situated at 3031 m asl between 30º53’51” N and 78º31’33.4” E. The major inlet 
stream originates from Darwa meadow (Bugyal in local language) side while the outlet of Dodital feeds 
River Asi Ganga, a tributary to River Bhagirathi. The villages which are located nearest to the Dodital 
are Aghora, Dandalaka and Dasda. These villages situated between 30º50'44.34"N and 
78º28'59.33"E, 30º50'55.57"N and 78º28'25.96"E, 30º50'45.72"N and 78º28'35.71"E respectively 
(Figure 1).  
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Figure 1. Map showing the study area 

 
Methods and materials used 
The survey was conducted from June 2012 to July 2013. The primary data was collected with the help 
of structured and semi structured questionnaire in three villages and different grazing sites. The formal 
discussions were also made to capture data of socio-economic status, livelihood activities, resource 
utilization pattern and dependency on Dodital Lake and surrounding forest. During the field survey 
information on floral and faunal diversity in the Dodital area was also collected. The secondary 
information was collected from different government department such as Forest department, District 
Statistical department, Tourism department and Gram Panchayat. The data analysis was done with 
the help of MS. Excel. 
 
 
Results and discussion 
 
Socio-economic profile 
There are a total of 160 households in three villages. The total population of these three villages was 
771 of individuals. Out of which 49% (375) were male and 51% (396) were female. The area is more 
significant in the term of sex ratio where female population is higher than the male. The 72% (553) of 
individuals are literate while 28% (218) are illiterate. In all 85% (319) male are literate while only 60% 
(234) females are literate in the villages and 15% (55) males and 40% (163) females are Illiterate. This 
is also significant in term of female education. While the 13 families of migrated Gujjars having a 
population of 105 individuals, out of which 52% were male and 48% female. Only 3 individuals (1 male 
and 2 female) were literate (Figure 2). 
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InR26 990 (Figure 3). The service sector is not included in the figure because only few are involve in 
this. The Gujjars in the area were only for summer grazing and not involved in any other livelihood 
generation activities. Their average annual income was estimated about InR120 000. 
 
Biodiversity profile 
The Dodital wetland area is rich in faunal and floral diversity. In term of faunal diversity a total 23 
species of  mammals, more than 200 bird species, more than 50 species of butterflies, 20 species of 
moths, few species of reptiles, amphibians and fish species Schizothorax spp. (Balodi and Jatinder 
2013). 
 
In term of floral diversity the area is covered with temperate, sub-alpine and alpine vegetation. The 
floral diversity consists of a variety of trees (mainly Quercus species, Abies pindrow, Taxus 
wallichiana, Picea smithiana, Cedrus deodara, Rhododenron spp., Betula utilis, Acer caesium, etc), 
Shrubs (Rosa spp., Rubus spp., Berberis spp., Ribes spp., Pyrus pashia, Rhododendron spp., etc), 
and herbs (Anaphalis spp., Cyananthus spp., Jurinea spp., Morina spp., Potentilla spp., Gentiana 
spp., Delphinium spp., Meconopsis spp., Anemone spp., Aster spp., Polygonum spp., Primula spp.) 
species are dominant (Balodi and Jatinder 2013). 
 
Dependency of community on Dodital Lake 
The dependency of local people and Gujjars is completely on forest resource. The local people and 
migrated Gujjars graze their livestock in summer season for a 4-5 month periods in surrounding forest 
and meadows nearby Dodital wetland. The aesthetics and biodiversity of the area attract thousands of 
tourists every year and the lake consist mythological value as it known as birth place of “Lord 
Ganesha”. Various ritual practices held over here every year. More than 20 plant species are 
preferably used for fuelwood, 20 species for fodder,10 species as edible vegetables, 12 species for 
good timber, more than 60 species are used to curing various disease and various plant species are 
used for handicrafts. The forest surrounding the lake also consist medicinally valuable 6 species of 
mushroom having various immune-modulating effects. Beside the grazing, fuelwood and fodder 
collection the communities earn income from tourism activities, trading of NTFPs and handicrafts. The 
local people are also depends for fishes on wetland and its outlet (Asi Ganga) only. Overall the 
biodiversity support the livelihood of communities and have potential for its sustainability. 
 
Threats to the wetland 
The dependency on the forest and wetland resource exposes various threats to the wetland 
ecosystem. The uncontrolled grazing, unsustainable tourism, over exploitation of resources (fish, 
medicinal, timber, fuelwood and fodder species) and infrastructure development in surrounding of 
Dodital wetland leads to various consequences. In surrounding of wetland the human induced 
activities lead to threats like loss of biodiversity, habitat degradation of native species, soil erosion, 
alteration of water quality and sources, pollution (Chaturvedi  1985, Barbero et. al. 1990, Sabberwal 
1996, Singh and Rawat 2012). These threats lead to conflict and extinction of species. 
 
Recommendations 
The conservation of the biodiversity in surrounding the wetland is important for the sustainability of 
livelihood of communities. The participatory management and conservation approach, rotational 
grazing practices, awareness, education and research can be undertaken for the conservation of the 
forest ecosystem as well as the Dodital wetland. 
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Water centric sustainable urban developments recognize the ecological value of surface water 
resources and restore the ecological integrity of the water, the riparian and flood zones through 
integrated resource management. The concepts of the new paradigm of sustainable water centric 
ecocities have been emerging for the last fifteen years in environmental research and landscape 
design laboratories in several countries including Europe, the Asia-Pacific and North America 
(Bartarya and Deoli 2012). Many concepts have been developed by landscape architects to 
incorporate surface water bodies to a closed loop hydrological cycle system that maximizes reuse and 
recycling (Novotny 2010).  Because , these water bodies within cites  picks up a variety of pollutants  
such as atmospheric dust, asphalt, automotive discharges, metals, bird/animal/human  fasces  (Xiao 
et al. 2006, Kim et al. 2007, Wada 2010) result in deterioration of water drainage, quality  and  
environmental functions, such as providing an ecological habitat, self-purification, and riparian 
scenery. To throw light on the importance of water bodies within cites a study was undertaken in 
Dehradun to provide insights of a dynamics water system which is on the verge of dying.  
 
The Dehradun city has emerged as an important business, educational and cultural destination in 
North India after becoming the capital of newly carved out Uttarakhand State since the year 2000.  
Moreover, the city is the wholesale trading center for the entire hill region of the Uttarakhand State. 
The city is also well known for its salubrious climate, natural beauty, places of tourist interest, and 
institutions of national and international repute. About one million Indian and foreign tourists visit the 
city every year in the form of floating population. The resident population of the city grew alarmingly 
during 1991–2011 and it registered a growth of about 114% during the last two decades. In addition, 
the population of the Dehradun city will grow at the rate of 3.5% from 2010 to 2014, and 3.0% from 
2015 to 2019 (Uttaranchal Urban Development Project (UUDP) 2007).   
 
The city is washed by the basins of some important rivers like the Ganges, the Yamuna, Tons and 
Bindal rivers. The Bindal River is the city’s main artery and flows through the heart of the city. About 
50 years back, it was a perennial river which had surplus supply of mountain water and thriving fish 
population. The river saw its decline since the beginning of encroachments around the banks. Large 
parts of the river beds were cemented which resulted in a major decrease in the water volume of the 
river (Ground Water Brochure 2011). Studies elsewhere have reported that landuse changes due to 
rapid encroachment along the river has impact on  near-surface hydrological parameters such as 
infiltration rates, saturated hydraulic conductivity under various types of groundcovers and soils 
(Dunne and Leopold 1978, Foo and Tan 1985, Chuah 1987).    
 
Today the river resembles and is treated as a major sewer. The water that flows through the river is 
loaded with sewer disposals, garbage, industrial outcast and heavy metal concentration. All nearby 
settlements have their sewer materials flowing into the river, which is deteriorating the hydrological 
conditions of the river and causing greater incidences of pollution. 
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Figure 1. Extent of Dehradun City and location of meteorological station considered in this study 
 
 
Methodology 
 
The following studies were conducted to assess the relative impacts of the Bindal River on the city. 
 
Assessing the total built-up area of Dehradun 
Data on the settlements that had been established in the city during the past 10 years was analyzed to 
assess the population stability in the city as well as the built-up area. 
 
Evaluating the water quality of the Bindal River 
The water analysis of the Bindal River was performed for the detection of heavy metals using 
Inductive Coupled Plasma-Mass Spectroscopy (ICP-MS) (Boevski and Daskalova 2007) as earlier 
reported (Kumar et al. 2010) and the results thus obtained was compared with the permissible 
concentration allowed, as well as the previously reported data (Kumar et al. 2010).  
 
Assessment of impact on the Bindal River bank population 
Following the preceding analyses, a detailed questionnaire survey was conducted in the slum 
settlements on the banks of the Bindal River, under the Bindal Pull, Chakrata Road. Details included in 
the questionnaire: 
 

• Period of inhabitation 
• Size of the families 
• Source of income  
• Site for garbage disposal 
• Availability of safe drinking Water 
• Incidence of common diseases in the area 
• Common stray animals in the area 
• Problems faced due to differential state of water levels and flow 
• Sanitation and toilet facilities 
• Any government aid  

 
Further, a detailed inspection of the type of plant species growing on the river banks was conducted to 
study the nature of the soil in the banks. 
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Table 1. Development of built up area in Dehradun City during 1982–2004 

Type of Urban Landuse Built up area (ha) 
1982 

Built up area (ha) 
2004 

Growth in Built up area (%.) 
1982–2004 

Residential 1588.8 4071.8 156.3 

Commercial 81.0 341.4 321.5 

Industrial 113.4 383.4 238.1 

Govt. & semi-govt. buildings 267.2 479.6 79.5 

Facilities & services 802.2 915.4 14.1 

Orchards & gardens 205.7 728.4 254.1 

Open spaces & parks 156.0 584.9 274.9 

Tourism & transportation 203.0 822.0 304.9 

Rivers & nalas 331.5 1179.3 255.7 

Undefined landuse 55.0 3058.8 5461.5 

Total 3802.8 12565.0 230.4 
 
The ICP-MS analysis of the river water from Bindal showed that there has been an increase in the 
concentrations of Zn, Mg, Cu, Co, Cr, Ni, Pb and Mn (Table 2). Ni concentration has increased over 
the last two years which is harmful owing to the moderate polluting grade that Ni is considered as; but 
what is really alarming is the rocketing increase noted in the heavy pollutant, Cu. Its increase has 
been the reason for the immobilization of most other heavy metals resulting in sedimentation. The 
study conducted previously in this regard had reported similar observations (Kumar et al. 2010).  
 
In the present study, though conducted during the monsoon period, no fishes were found in the water 
as it was too shallow to sustain any aquatic ecosystem. Also, the common flora of the area was merely 
mosses; one or two specimens of Parthenium hysterophorus were spotted. Apart from this, the area 
close to the water was devoid of any other vegetation. Though the vegetation high up the banks was 
quite heavily covered with Lantana camara, Eleusine indica, Achyranthes aspera, Melia azedarach. 
According to sources without any valid citation, and also from the locals of the city, the Bindal River 
was a perennial river with abundant water volume and thriving fish population. It was a lifeline for the 
then inhabitants of Dehradun as an important source of water. But today the river fails to have 
sufficient water for 6 months in a year. It has been changed into a seasonal river mostly used as a 
sewer outlet of the city. 
 

Table 2. Increase in the concentration of heavy metals in the Bindal River water from 2010 to 2013 

Metal Concentration in Bindal River water (μg l-1 except permissible column and Mg; in mg l-1) 
Permissible In 2010 (Kumar et al.) In 2013 

Zn 15 53.83 54.47 

Mg 30 38.3 37.96 

Cu 15 26.5 29.83 

Co 1 1.85 2.91 

Cr 5 10.83 11.45 

As 0.05 5.5 5.47 

Ni 3.0 13.76 14.21 

Pb 0.1 2.1 2.21 

Mn 2 99.66 100.83 
 



 
Posters 

225 
 

The survey as a whole revealed the harsh scenario of the socio-economic condition of the people 
dwelling in the slum at the Bindal Pull, Chakrata Road. The slum shelters a population of about 1700 
as recorded through local census. Most of the families have been living in that area for more than 30 
years. The average size per family was found to be 6–7, sometimes recorded as high as 14–15 
members. The majority is juvenile of which mostly are males. The source of income of the respective 
families varied from daily-labour, vending to even begging. All the families that were surveyed reported 
that they dumped their garbage in the river. There is scarcity of drinking water in the area. The entire 
slum has only two municipal tap-water outlets which would supply water daily for 1.5 hours for the 
entire population. The common incident diseases of the area were malaria, jaundice, pneumonia, 
typhoid, dysentery, amoebiasis, diarrhea, dengue; all of which are water-borne diseases. The common 
stray animals were pigs, stray dogs. A remarkable number of kites had also been spotted hovering 
over the area. The differential condition of the water levels was reported troublesome to the locales. 
The banks would often get flooded due to rain and water would flow into the huts causing chaos 
throughout the slum. The people used the nearby bushes or fields for lavatory purposes and for 
bathing. The children were however found to be bathing in the river water itself which would often 
carry plastic bags. A point amidst the river held a large electrical pole whose base was jammed with 
wastes, garbage of all sorts. The entire population that was surveyed angrily denied that they ever 
received any governmental aid. 
 
 
Conclusion 
 
The Bindal River has been subjected to rigorous exploitation since the past four to five decades due to 
increasing encroachments by humans. Today the river has lost its ecological stability owing to over-
exploitation by increasing human settlements. The river water, sediment and aquatic life-forms have 
suffered huge incidences of metal pollution. The water was reported with high amount of dissolved 
metals which is much higher than the stipulated ambient water quality standards. The precipitation of 
lead, copper, manganese, chromium and zinc might be the result of alkaline pH in the form of 
insoluble hydroxides, oxides and carbonates. Metals such as chromium, copper and nickel have 
interacted with organic matter in the aqueous phase which has caused its accumulation and high 
concentration in the sediment. Copper, which is considered as a heavy polluting agent in water by the 
USEPA, has been reported in increased levels at all sites of the Bindal River. Mineralogical studies of 
polluted sediments indicated that heavy metals were associated with fine particles of silt clay that had 
large surface areas and the tendency to adsorb and accumulate metal ions due to their intermolecular 
forces. The study revealed that large quantities of effluents occurred in the river due to movement of 
fertilizers, agricultural ashes, industrial effluents and anthropogenic wastes particularly in the down 
streams of the river. The heavy metals that occur in the river water had greater tendencies to avoid 
degradation and thus got accumulated in the sediments, the phytoplanktons and even the human 
beings. The presence of phytoplankton could justify the presence of heavy metals in the river and 
incidentally they were found in abundance in all sites of the study.  
 
The survey was quite an eye-opener to the misery that the slum area had been subjected to. Most of 
the people were unwilling to participate in the survey and seemed to have accepted their way of living 
at the river banks. They faced problems of flood and associated diseases from the river. The children 
were found taking bath from the river, often plunging into the river with utter enjoyment. The people 
were totally unaware of the harm that the polluted river could inflict upon them. The river bed was 
bereft of any notable vegetation. The heavy metal deposition in the sediments had narrowed chances 
of natural resurrection. The area was the living example of negligence and ignorance leading to a 
pathetic life of the people who lived at the banks, as well as the depletion of any other notable life 
forms. 
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Trees, whether singly, in small groups, or in extensive stands, influence the amount of precipitation 
falling on the ground. This can be due to: (1) the trees influencing the flow of wind in the vicinity, as 
would any physical obstruction, and hence the depositional pattern of rain and snow, and (2) the trees 
intercept the precipitation. Forests influence the water regime of an area, as would any vegetative 
cover, by their consumption of water in transpiration; and by their effect on the energy balance of the 
region and hence on evaporation (Golding 1970). 
 
Ladakh region is a part of the Jammu & Kashmir States, and consists of two districts: Leh and Kargil. 
In the study area there was very little vegetation cover in the past. With increasing population, more 
crops are being grown. The local Forest Department and communities have also started tree 
plantations in this region. 
 
Meghalaya is situated in the northeastern part of India. This area is covered with lush and very diverse 
vegetation. Cherrapungee in Meghalaya has been known as the wettest place on this planet with the 
highest annual rainfall. Meghalaya has three divisions: Jayantia hills division, Khasi hills division, and 
Garo hills division. 
 
This paper provides an insight of how vegetation cover or forest influences the rainfall. The study is 
based on remote sensing images and the data have been obtained from the Tropical Rainfall 
Measuring Mission (TRMM).  
 
 
Study Area 
 
The study areas selected for the study are the Ladakh and Meghalaya regions. Ladakh is located in 
the northern part of India while Meghalaya is located in NE Himalayan region. Ladakh region has less 
vegetation, and but is increasing steadily. Meghalaya region have more forest (Figure 1).  
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Figure 1.  Location of study areas 
(Source: http://www.nih.ernet.in/rbis/india_information/landuse.htm) 

 
Methodology 
 
TRMM data was used for the analysis. The data was downloaded from TRMM website 
(http://gdata1.sci.gsfc.nasa.gov/) () and output maps were generated for precipitation.TRMM 
measurements yield information on the intensity and distribution of the rain.  
 
The TRMM maps are of 2003 and 2013 for Ladakh and Meghalaya respectively. 
 
 
Result 
 
 The result obtained by following methods: 
 
a) For the Ladakh region: First of all the vegetation and the rainfall of the two different years were 
compared using Google images and TRMM data. Figures 2 and 3 are images form Google Earth for 
2003 and 2013. 
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Figure 2. Vegetation in 2003 (Source: Google Earth) 

 

 
Figure 3. Vegetation in 2013 (Source: Google Earth) 

 
From these images, it is very obvious that the vegetation cover is increasing in the area. 
 
The TRMM datashowing the precipitation pattern in the area for the years 2003 and 2013 were 
compared (Figures 4 and 5). 
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Figure 4. Map showing precipitation in year 2003 for Ladakh area (Source: TRMM data) 

 

 
Figure 5. Map showing precipitation in year 2013 for Ladakh area. (Source: TRMM data) 
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b)  Compare between the Ladakh and Meghalaya: Meghalaya has more precipitation than the 
Ladakh region (Figures 6 and 7). 

 
Figure 6. Precipitation in 2003 for Ladakh and Meghalaya (Source: TRMM data) 

 
 

Figure 7. Precipitation in 2013 for Ladakh and Meghalaya (Source: TRMM data) 
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Forest in Ladakh and Meghalaya 
 
Vegetation can play a major role in the hydrologic ecosystem service tradeoffs resulting from land use 
change: by affecting the volume of rain water that reaches the ground surface, vegetation affects 
water supply. But because canopy interception of rainfall is affected in complex and competing ways 
by forest structure and ambient weather conditions, both of which vary at small and large scales, 
predicting the impacts of vegetation change is challenging (Brauman et al. 2010). 
 
Figure 8 shows the forest cover in Ladakh and Meghalaya regions. The Ladakh area has been 
classified as non forested area and the Meghalaya has very dense to moderately dense forest. So 
Meghalaya has a more favorable condition in relation to rainfall. 
 

 
Figure 8. Forest cover in India (2011) 

(Source: India State Forest Report 2011) 
 
 
Conclusions 
 
The study has the following conclusions: 
 

a) With gradual increase in vegetation cover or forest cover, rain fall is increasing steadily in 
recent years in the Ladakh region. 

b) Comparatively there is more rainfall in the Meghalaya region due to more forest cover.  
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01
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