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ABSTRACT 
 

Current global population growth and economic development accelerates the land cover 

conversion in many parts of the world and compromises the natural environment. 

However, the impacts of this land cover change on the hydrologic cycle at local to 

regional scales are poorly understood. The thesis presented here investigates the 

hydrologic implications of land use conversion in two different settings using two 

different approaches. The first study focuses in Southeast Asia and the expansion of 

rubber monocultures in a middle-sized basin. Field measurements suggest rubber has 

distinct dynamics compared to the area’s native vegetation, depleting and exhausting the 

local water balance more than native vegetation. A phenology based evapotranspiration 

function is developed and used in a hillslope based hydrologic model to predict the 

implications of rubber expansion at a basin scale. The second study is centered in the 

semi-arid southwestern United States. This study challenges the traditional assumption 

that deforestation increases water yield at regional scales. Observations of water yield in 

basins affected by a regional piñon pine die-off show a decline in water yield during 

several years after die-off. These results suggest an increase in landscape sensitivity to 

vegetation disruption in semi-arid ecosystems as scale increases. Consequences of both 

studies have important implications for land and water managers in these different 

ecosystems.  
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1. INTRODUCTION 

1.1 - Scope and nature of the research: 
 

 Modifications of the land surface have accelerated after the industrial revolution, 

driven by the need to obtain more resources to supply an always growing population 

(Bronstert, 2004). Land use and land cover (LULC) changes are the result of either 

anthropogenic interventions (deforestation, aforestation, urbanization, agriculture 

intensification) or climate patterns and variability interactions with the biologic 

ecosystem. Regardless who causes the LULC perturbation, altering the vegetation cover 

of the Earth has not only regional but global impacts, modifying the hydrologic and the 

biogeochemical system, the radiation balance at the surface, and ultimately climate 

(Meyer and Turner, 1992; Sala et al., 2000; Houghton et al., 1999; Vitousek et al.,1997). 

The importance of understanding interactions, feedbacks, threshold behavior between 

LULC and climate-hydrology-ecosystem is crucial for good water and land use 

management (Newman et al., 2006; Jones et al., 2009). Under the current warming 

scenario, this understanding becomes even more relevant, as landscapes will be more 

prompted to experience water scarcity situations, and consequently drastic changes in 

land cover, such as regional die-off.  

 

 The present study focuses on the impacts that LULC change has on hydrological 

partitioning. The overall goal of this research is to improve the understanding of 

vegetation disruption in the hydrological landscape. These impacts will be studied in two 

different settings using two different approaches.  
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1) Improve the predictive capacity from hydrologic and land surface models to land 

use/cover changes in a humid/tropical ecosystem. 

a. Improve the description of vegetation in land surface models 

i. Build conceptual models based on field observations.  

ii. Create evapotranspiration functions that depend on vegetation 

dynamics/phenology 

 

2) Understand the sensitivity of land use/land cover change in semi-arid ecosystem 

at the small and large scale.  

 

For the entire manuscript, the term land use and land cover change refers to both, 

anthropogenic or natural modifications of the land surface and its biotic cover (Meyer 

and Turner, 1992). The term land use denotes the anthropogenic management of the land, 

and the term land cover is a description of the physical and biotic character of the land 

surface (Meyer and Turner, 1992; Dale, 1997).  

 

1.2 - Relevance and background of the research: 
 

Studying the impacts of LULC perturbations on the hydrological processes date from 

early last century which were mostly driven by economic needs related to the logging 

industry. Scientists wanted to know how much water yield is modified after vegetation 

removal. It is intuitive to think that LULC change has a direct effect on the hydrological 
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processes, mostly runoff generation processes since changes in LULC greatly affect the 

surface. The first basin scale experiment took place in 1909, at the Wagon Wheel Gap in 

Colorado (Bosch and Hewlett, 1982). This study showed an important increase of water 

yield in the years following a complete clear-cut of aspen, spruce, and fir trees (Hilbbert, 

1983). Since then, hundreds of paired and non-paired catchment studies have been 

conducted through out the world. Internationally, as early as 1933, there was the first 

paired experiment in a tropical environment in Java (Bruijnzeel, 2004). Among the most 

well known classic paired experiments there is Hubbard Brook Experiment in northern 

US (Hornbeck, 1970), and Coweeta Hydrologic Laboratory in Northern Carolina 

(Hibbert, 1967). Results from these and hundreds others paired catchments are 

summarized in reviews by Hibbert (1969), Bosch and Hewlett (1982), Bruijnzeel (1988) 

and Brown et al. (2005). We summarize their findings in the following section. 

 

Sensitivity of ecosystems to land use/cover change 

 

The response of an ecosystem to vegetation perturbations depends on the landscape 

physiography, climate and the connection between surface and groundwater (Huxman et 

al., 2005; Newman et al., 2006; Wilcox et al., 2006). In ecosystems with high 

connectivity between surface and groundwater, manipulation of vegetation will result in 

changes in streamflow. On the other hand, if there is little connectivity between surface 

hydrologic processes and subsurface water, vegetation perturbations will have little or no 

noticeable effect on the hydrology. 
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Most of the paired catchment studies considered in Hibbert (1967) and Bosch and 

Hewlett (1982) were located in temperate environments, and therefore are sensitive to 

land use perturbation to a certain extent. The authors concluded that, even being in a 

sensitive catchment, there is a threshold of minimum fraction of vegetation (20% of the 

basin) that needs to be perturbed in order to result in measurable hydrological 

consequences. The authors also noticed some basins that did not comply with the 

previous statement, and attributed the anomalous behavior to the climate of the basin and 

the precipitation during the period of treatment. They define ecosystem sensitivity using 

an annual precipitation threshold. Basins with annual precipitation exceeding 450 mm 

show sensitivity to land use disruption.  

Tropical environments, similar to temperate ones, also show high sensitivity to land 

use perturbations and similar responses to vegetation removal (Bruijnzeel, 1988). 

However, in these tropical environments it is important to consider infiltration and soil 

storage. Vegetation removal will lead to higher water yields if the infiltration 

characteristics of the basin are not disturbed after vegetation subtraction. Furthermore, 

Bruijnzeel (1988) points out the importance of soil storage in muting the response of the 

basin translating the vegetation alterations.  

In these sensitive environments, it is important to consider the different 

evapotranspiration between the replaced and the replacing vegetation. Reduction of water 

yield after vegetation removal has previously been reported for eucalyptus forests 

(Langford, 1976; Lane and Mackay, 2000; Vertessy et al., 2001). Vertessy et al. (2001) 

showed evidence of lower water yield for young mountain ash forest stands after clearing 
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old eucalyptus stands. Young eucalyptus has very high evapotranspiration compared to 

old stands. When dense, old stands are removed (either by fire or logging), the excess of 

nutrients together with available sunlight allows many seedlings to sprout. This new re-

growth has more evapotranspiration than the older woody plants (Roberts et al., 2000), 

resulting in a considerable decrease of water yield for the years until the trees reach 

maturity.  

 

Additional paired studies were conducted in the southwestern United States to 

understand the possibilities of increasing water production with land management 

practices (also referred as water harvesting). Most of these studies looked at conversion 

of woody plants and shrubs to grasslands (Barr, 1956; Davis, 1984; Baker, 1984; Coilin 

and Myrick, 1966; Wilcox, 2002). Although some of the studies showed similar results to 

those previously found by Hibbert (1967) and Bosch and Hewlett (1982), there is large 

uncertainty and the results are for the most part inconclusive. Baker (1984) showed 

significant yield increase after Piñon-Juniper (P-J) removal in a 150 ha catchment. At the 

same time, inconclusive results were observed by Collings and Myrick (1966) for similar 

vegetation manipulation conditions on P-J in semi-arid ecosystems. The large number of 

inconclusive results in semi-arid ecosystems is linked to (1) more variable physiographic 

setting (fraction of riparian versus upland), (2) variable climate (snowmelt dominated or 

not), (3) and geology conditions (thin or thick soils, groundwater position) (Wilcox et al., 

2006). These differences are enhanced by the limited water availability, making general 

conclusions very challenging.  
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Furthermore, there is a scale paradox in semi-arid environments (Wilcox et al., 2006). 

Vegetation removal in small sensitive basins results in yield increase, but sensitivity 

seems to decay for larger basins (Wilcox et al., 2006). However, there is a lack of 

scientific evidence for catchments in semi-arid environments, especially at larger scales 

(Wilcox et al., 2006; Newman et al., 2006).  
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2. PRESENT STUDY 
 
 The methods, results and conclusions of the research carried out in support of this 

degree are presented in four papers appended to this dissertation. Sections 2.1-2.4 below 

summarize these papers and provide the most important findings of each. Section 2.5 lists 

the primary conclusions of research carried out during this dissertation. 

 

2.1 - Summary of 1st paper 
  
Guardiola-Claramonte, M., P.A Troch, A.D., Ziegler, T.W. Giambelluca, J.B. 
Vogler, M.A. Nullet (2008) Local hydrologic effects of introducing non-native 
vegetation in a tropical catchment, Ecohydroly 1, 13-22. DOI: 10.1002/eco.3 
 
 

Tropical ecosystems can be considered highly sensitive to vegetation disruptions. 

Unfortunately, these environments have been more prone to drastic changes of land 

use/cover during these last few decades (Ziegler et al., 2009a, b). Impacts of the widely 

criticized swidden agriculture practices are inconsequential compared to the ecological 

impacts of large scale monocultures (rubber, teak) or the intense cash crop production 

that now dominate the landscape in Southeast Asia (Ziegler 2009 a,b). However, there is 

a lack of quantification of these changes in the literature.  

 

The first and second papers of this dissertation investigate the hydrologic implications 

of land use conversion from native vegetation to large areas of rubber (Hevea 

brasiliensis) in Southeast Asia. We are interested in knowing the effects of rubber 

expansion in a medium size basin (~ 70 km2). We followed a “bottom up” approach 
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which is based on soil moisture observations and we derived root-water uptake patterns 

of the dominant land cover present in the basin. Field observations suggest a very 

different water demand for rubber compared to the rest of the native vegetation. 

Importantly, additional water uptake occurs in the middle of the warm and dry season, 

compromising the water resources in the region.  

 

 As a lead author, the applicant had a leading role in this research, whose main 

findings are listed following. 

 

(a) Observations of soil moisture trends suggest a dramatically different behavior in 

terms of timing and rates of water consumption between the four different types of 

vegetation studied (tea, grassland, secondary forest and rubber). 

 

(b) Rubber has high water consumption when shedding its leaves, at the equinox which 

coincides with the driest and hottest months of the year. 

 

(c) Increase in day-length is the deterministic variable that controls vegetation dynamics 

and water uptake in the dry season. 
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2.2 - Summary of 2nd paper:  
 
Guardiola-Claramonte, M., P.A Troch, A.D., Ziegler, T.W. Giambelluca, J.B. 
Vogler, M.A. Nullet (2009) Hydrologic effects of the expansion of rubber (Hevea 
Brasiliensis) in a tropical catchment. Accepted in Ecohydrology on 10/29/2009. 
 

The observations reported in Paper 1 are summarized and synthesized in a conceptual 

model to represent rubber evapotranspiration. Rubber plant evapotranspiration is energy-

limited during the wet season but during the dry season water consumption is mostly 

governed by environmental variables that directly affect rubber plant phenology, namely 

vapor pressure deficit, temperature, and photoperiodicity. The proposed model is 

introduced into a hillslope based hydrologic model to predict the basin-scale hydrologic 

consequences of rubber replacing native vegetation. Simulations suggest greater annual 

catchment water losses through evapotranspiration from rubber dominated landscapes 

compared to traditional vegetation cover. This additional water use reduces discharge 

from the basin. 

 

 As a lead author, the applicant had a leading role in this research, whose main 

contribution is listed following. 

 

(a) Hydrological model simulations using the above mentioned conceptual model suggest 

that the conversion of forest to rubber in Montane Mainland Southeast Asia depletes 

water storage from the subsurface soil during the dry season, increasing water losses 

through evapotranspiration, and reducing discharge. 
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2.3 - Summary of 3rd paper: 
 
Guardiola-Claramonte, M., P.A. Troch, M.B., Switanek, M. Durcik, B. Breshears, 
T.E. Huxman, N.S. Cobb. Drought-induced tree die-off counter intuitively reduces 
streamflow in semi-arid basins (To be submitted soon) 
 
 
 Tree removal and/or defoliation, either by natural causes (fire, drought, beetle and 

moth infestation) or through human actions (deforestation), have significant effects on 

hydrologic and biogeochemical fluxes (Newman et al., 2006). It is generally thought that 

deforestation increases water yield (ratio of annual stream flow to precipitation) in humid 

climates (Jones et al., 2009), but that below a certain threshold precipitation amount 

(~500 mm) in arid and semi-arid environments there is little to no effect (Wilcox et al, 

2006). Precipitation and stream flow measurements before and after regional-scale 

drought-induced Piñon pine (Pinus edulis) die-off in semi-arid watersheds challenge this 

paradigm. We observed a significant decrease of water yield after the 2002 Piñon pine 

die-off in affected regions of southwestern USA, whereas unaffected areas showed no 

change in water yield. This unexpected reduction in water yield has important 

consequences for water resources management in this already water-stressed semi-arid 

region. These findings suggest that water resources managers should introduce the effect 

of land use/land cover change on stream flow into their short to medium range forecasts 

of water availability. 

. 

As a lead author, the applicant had a leading role in this research, whose main 

contributions are listed following. 
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(a) Vegetation die-off results in a depletion of the water yield in the semi-arid Southwest. 

 

(b) Depletion of water yield is directly and linearly related to the fraction of dead 

vegetation in the basin, and the increase in temperature of the basin with respect of the 

1971-2000 record.  

 

(c) The Little Colorado, a larger basin in the Four Corner’s region shows similar 

tendencies in regards of their sensitivity to vegetation disruption and temperature. This 

challenge the scale paradigm for land cover perturbation and its effects on hydrology.  
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2.4 - Conclusions of this doctoral research 
 
This doctoral research attempts to hydrological partitioning and vegetation dynamics by 

contributing to establish the fundamentals of the ecohydrology. The research presented 

here is generally two-fold:  (1) presents a new modeling approach to take in account 

vegetation dynamics; and (2) analyzes the importance of understanding the implications 

of climate within the eco-hydrological response of an ecosystem. The general 

contributions of this doctoral research are as follows: 

 

(A) The first and second papers strives to accurately represent vegetation in land surface 

models, and reveal the importance of vegetation dynamics (phenology) when representing 

vegetation in hydrologic models. Such representation is not only important when seeking 

to understand and predict the hydrologic consequences of LULC change, but also when 

investigating climate change feedbacks on vegetation.  

  

(B) The third paper investigates the sensitivity of semi-arid landscapes to vegetation 

disruption. After regional die-off, large scale (1,000 to 6,000 km2) shows a decrease in 

yield directly related to the fraction of vegetation mortality in the basin and the increase in 

temperature compared to the period 1971 to 2000. This trend holds for at least 5 years 

after vegetation mortality. This challenges previous understanding of ecosystem 

sensitivity to vegetation disruption in semi-arid basins.  
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ABSTRACT 

 This study investigates the hydrologic implications of land use conversion from 

native vegetation to rubber (Hevea brasiliensis) in Southeast Asia. The experimental 

catchment, Nam Ken (69 km2), is located in the Xishuangbanna Prefecture (22°N, 

101°E), in the south of Yunnan province, in South China. During 2005 and 2006, we 

collected hourly records of 2 m deep soil moisture profiles in rubber and three native land 

covers (tea, secondary forest and grassland), and measured surface radiation above the tea 

and rubber canopies. Observations show that root water uptake of rubber during the dry 

season is controlled by day-length, whereas water demand of the native vegetation starts 

with the arrival of the first monsoon rainfall. The different dynamics of root water uptake 

in rubber results in distinct depletion of soil moisture in deeper layers. Traditional 

evapotranspiration and soil moisture models are unable to simulate this specific behavior. 
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Therefore, a different conceptual model, taking in account vegetation dynamics, is 

needed to predict hydrologic changes due to land use conversion in the area. 

Keywords: Rubber (Hevea brasiliensis), root zone water balance, evapotranspiration, 

land use change, hydrologic change 

 

INTRODUCTION 

 

 Current global population growth and economical development is accelerating 

land cover conversion in many parts of the world at an unprecedented rate (Lambin et al., 

2001). Impacts on the natural environment, such as changes in water and carbon cycles, 

have been widely reported (e.g. Brontstert, 2004). Land use change not only disturbs the 

atmospheric concentrations of CO2, CH4 and N2O (Moiser, 1998), but also plays an 

important role in modifying the hydrological cycle (Huxman and Scott, 2007). There is 

an urgent need to improve our knowledge about the ecologic–hydrologic interactions in 

both natural and disturbed environments to assess the implications of land use change on 

the hydrological cycle. These interactions and feedbacks can have important 

consequences on streamflow in humid environments, where connectivity between surface 

and subsurface hydrology is strong, as well as in arid regions where vegetation changes 

can affect local to regional water balances (Newman et al., 2006; Wilcox et al., 2006).  

 

 This study follows an ecohydrological approach to understand the hydrological 

implications of growing non-native rubber in montane mainland SE Asia. Towards the 

end of the 1950s, China introduced rubber in the southern region of Yunnan Province 

(Chapman, 1991). Since then, native vegetation (mainly primary and secondary forest) 

has been rapidly replaced by rubber plantations. In 1963 rubber occupied 6,130 ha (Jiang, 

2003), which increased to 136,782 ha by 1998 (Wu et al., 2001) and to about 220,000 ha 

by 2004 (Li Haitao, personal communication). This increase follows the global demand 

for natural rubber driven by the economic growth of China and other emerging countries.  
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 Rubber (Hevea brasiliensis) is a tree native to the tropical rainforest of the 

Amazon Basin. Its habitat is characterized by small variations in air temperature (24˚C to 

28˚C) and precipitation (1500 – 2000 mm) throughout the year. Rubber’s natural habitat 

extends between 10 degrees north and south of the equator and to at most 600 m AMSL. 

However, because of its economic importance, rubber is now cultivated at higher 

latitudes and altitudes in South America, South East Asia and Africa. In these marginally 

suitable environments (colder and drier), the productive life of rubber, its yield and its 

growth are reduced (Chandrashekar et al., 1998; Devakumar et al., 1999).  

 In general, the effects of introducing a non-native species on the local and 

regional hydrologic cycle are poorly understood (Newman et al., 2006). Our study 

focuses on a humid environment with a distinctive dry season followed by a strong wet 

monsoon season. It characterizes root water uptake dynamics of three native vegetation 

types (tea, secondary forest and grassland) and compares them to rubber tree plantations. 

Our analysis is based on 2 years (2005 and 2006) of hourly soil moisture observations 

and other hydro-meteorological variables measured in these four land covers. The 

research methodology has been designed to answer the following question: how is the 

local root zone water balance affected by the introduction of rubber?  

 

RESEARCH METHODOLOGY 

 

Site description 

Climate 

 Our experimental catchment, Nam Ken (69 km2), is located in the Xishuangbanna 

Prefecture (22°N, 101°E), close to the Myanmar border (Figure A.1a). The region is 

characterized by a tropical monsoon climate, with most monsoon storms originating from 

the Beibu Gulf (southeast) and the Bay of Bengal (southwest). The basin waters drain to 

the Mekong River (Lancang Jiang in Chinese). Topography strongly affects precipitation 

and temperature in the basin, creating pronounced altitudinal climate zones. The average 
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precipitation for the entire basin is 1380 mm, ranging from 1100 mm at 800 m to over 

1700 mm at 2000 m (Figure A.1c). In this monsoon-dominated climate, most of the 

precipitation falls between May and October. Monthly mean precipitation during the wet 

season often exceeds 200 mm. The rest of the year is mostly dry, with precipitation below 

50 mm/month. During part of the dry season the upper basin is characterized by heavy 

fog, and interception accounts for 5% of the total annual precipitation (Liu et al., 2004). 

Annual mean temperature is approximately 20˚C, with the highest temperatures occurring 

during the wet season. 

 

Vegetation 

 Land-cover distribution is different in the upper and lower parts of the catchment 

(Figure A.1d). The primary forest, mostly montane rainforest, extends in the higher areas 

of the basin. Montane rainforest dominates the upper regions of the basin where fog 

interception compensates for the insufficient precipitation during the dry season to 

sustain this type of vegetation (Wu et al., 2001; Wu and Ou, 1995; Zhan and Cao, 1995; 

and Zhu, 1997). It is dominated by evergreen species belonging to the following families: 

Lecythidaceae, Magnoliaceae, Dipterocarpaceae, Lauraceae, Meliaceae and Apocynaceae 

(Zhang and Cao, 1995; Zhu et al., 2004). Nam Ken has a large extension of disturbed or 

fragmented forest, called secondary forest (Figure A.2c), dominated by families such as 

Fagaceae, Euphorbiaceae, Theaceae and Lauraceae (Zhu et al., 2004; Zhu, 2006). Stands 

of secondary forest are located adjacent to the primary forest. The lower areas are used 

extensively for agriculture and rubber cultivation. The primary crops include corn 

(planted on hillslope swidden fields) and paddy rice (in the proximities of the river). Rice 

paddies are located in terraces adjacent to the river and the lower river-bedside slopes. 

Rubber was introduced in the lowest elevation areas in the late 70’s, and with the 

development of more resistant clones, rubber is now planted up to 1000 m AMSL. 

Grassland, which are fallow components in the ethnic Bulong swidden agriculture 

system, are also found on most hillslopes (Figure A.2d).  
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 To simplify future modeling efforts and gain overall understanding of the basin 

vegetation dynamics, the vegetation in the basin has been grouped into five different 

categories based on their root characteristics and water demand. These five groups are: 

rice paddies, agricultural sites (e.g. tea), grassland, forest (primary and secondary), and 

rubber (Figure A.2 and Table A.1). We have ignored rice paddies because its growing 

area has remained constant for decades (Xu et al., 2005), and our focus is on land-covers 

that rubber is now replacing. 

 

Soils and rooting depth 

 Most of the soils present in Nam Ken are deep red ultisols, developed over granite 

or gneiss parent material (Cao et al., 2006). Based on the detailed description of seven 

soil pits throughout the basin we conclude that soils are relatively homogeneous. Bulk 

density was determined from 90 cm3 samples taken every 0.25 m depth up to 2 m. The 

data shows a decrease in bulk density with depth and altitude, and the presence of an 

argillic horizon of variable thickness, with a maximum clay accumulation at 75 cm depth. 

At each site, saturated hydraulic conductivity was measured from three replicates at the 

surface, 1 m, and 2 m, using a borehole permeameter. The field measured saturated 

hydraulic conductivity shows important decreases with depth: from 53 ± 19.1 mm h-1 (at 

the surface) to 3.2 ± 4.3 mm h-1 (at 2 m depth). None of the seven study sites presented 

indications of a shallow groundwater table. One undisturbed soil sample was collected at 

each site at the surface, 1 m and 2 m depths (same locations as the soil moisture 

measurements, see below) and were used to estimate the soil water retention 

characteristics. For each sample, volumetric water content corresponding to different 

suction pressure (0.3, 0.5, 1, 3, 7, 10 and 15 bars) was measured using pressure chambers. 

The van Genuchten (1980) soil water retention relationship was then used to parameterize 

these observations (Table A.2). Using the fitted soil water retention relationships, we 

converted continuous volumetric water content observations to matrix potential. 

Unsaturated hydraulic conductivity for each soil type was estimated using the van 
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Genuchten-Mualem model (van Genuchten, 1980). Hydraulic conductivity and matrix 

potential are needed to estimate vertical soil water flow in the root zone.  

 

 Root inventories taken from the soil pit under tea indicated abundant roots in the 

upper half-meter, with some roots extending down to about 0.9 m. In the grassland site, 

most of the roots are concentrated within the top 0.15 m, despite being reported to be up 

to 1.5 m in other tropical sites (Canadell et al., 1996; Kim et al., 2005). The secondary 

forest site showed roots up to 1.2 m depth, and few below this depth. This is a shallow 

root depth when compared to the 7 m depth reported by Canadell et al. (1996) for tropical 

evergreen species. Part of this discrepancy results from our secondary forest being a 

relatively young replacement land cover (estimated < 10 years old). Rubber tree roots are 

mainly concentrated within the first 1.1 m, but roots have been observed throughout the 

2.25 m soil profile. Literature on rubber reports a high concentration of roots in the 

shallow layers (Devakumar et al., 1999; Howell et al., 2005; Cunha et al., 2000).  

 

Data acquisition network  

 A hydro-meteorological data acquisition network was established in the basin in 

May 2004 and removed in February 2007. It consisted of two micrometeorological 

(MET) stations located one on a rubber plantation and the other one on a tea plantation; 

and two soil moisture/precipitation (SM/RF) stations on a grassland field and on a  

secondary forest (Figure A.1b). Rainfall was additionally measured at 5 other locations in 

the basin; Figure 1c shows rainfall distribution in Nam Ken. Both MET stations recorded 

hourly the four radiation components (incoming shortwave and long wave radiation, 

reflected shortwave radiation and emitted long wave radiation), wind speed, air 

temperature, relative humidity, and precipitation above the canopy. Soil heat flux was 

measured at the soil surface together with soil moisture. Additional soil moisture 

measurements were taken at 1 and 2 m depth. From the ratio of incoming and reflected 

shortwave radiation, surface (canopy) albedo is derived. Daily albedo values are 

calculated by averaging the hourly radiation from 10:00 to 14:00 local time and range 
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from 0.12 to 0.25 for the rubber and tea plantation respectively. The two SM/RF stations 

recorded hourly soil moisture at three different depths (surface, 1 m, and 2 m) and 

precipitation above canopy. Additional albedo measured on young secondary forest has 

been used to supplement the lack of energy flux measurements in the secondary forest 

study site.  

 

 Soil moisture was measured using time-domain reflectometry (TDR) probes. 

Measured time series of volumetric soil moisture were calibrated based on five to seven 

gravimetric soil moisture samples collected at each site, for each depth and during both, 

the dry and wet season.  

 

Root zone water balance   

 During periods of zero precipitation with a deep ground water table and assuming 

no significant drainage to deeper layers or lateral inflows, soil evaporation and vegetation 

transpiration (root water uptake) are the only mechanisms for depleting the moisture 

content in the root zone. Under these circumstances, estimates of (combined) soil 

evaporation and root water uptake can be derived from soil moisture measurements at 

different depths:  

( ) ( ) ( ) ( )
0

, ,
Z

S t S t t E t z t z t t dzθ θ⎡ ⎤− + Δ = Δ = − + Δ⎣ ⎦∫     (1) 

where S is water stored in the root zone, E represents the evaporation losses from the root 

zone (both soil evaporation and root water uptake), θ  is volumetric soil moisture, z is the 

depth of the root zone and Δt is an appropriate time step (in our case, 1 day). Equation (1) 

can be safely applied during the dry season in our catchment, when precipitation inputs 

are negligible and deep percolation is restricted (see Section 3). To apply (1) we have 

divided the soil profile into three layers (surface to 0.75 m, 0.75-1.50 m and 1.50-2.25 m 

depth). For each of these layers, we assume that the change in water content is uniform 

and contributes equally to E. We therefore assume that soil evaporation is a negligible 
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fraction of total evapotranspiration losses during the dry seasons. Based on equation (1) 

we define the evaporation reduction factor (Williams and Albertsons, 2004):  

max

E
E

λ =           (2) 

where Emax is the maximal rate of evaporation (atmospheric demand), and E is the actual 

evaporation or root water uptake, derived from Equation (1). This reduction factor can be 

computed for each soil layer, and allows us to compare variability of root water uptake 

within the root zone.  

 The previous equations assume negligible deep percolation. To verify this 

assumption, estimates of vertical water flow were made using the Darcy-Buckingham 

law. Because of the lack of soil suction measurements, matrix potential and unsaturated 

hydraulic conductivity were estimated using soil moisture measurements and applying 

the van Genuchten-Mualem model (van Genuchten, 1980). An average hydraulic 

conductivity for each layer was calculated using the harmonic mean of the hydraulic 

conductivity of the top and bottom layer. Assuming the positive z-axis pointing 

downwards and using the surface as the reference plane, vertical soil water flux for each 

soil layer is given by: 

( ) ( ) ( )B T
T B

T B

H H
q K

d
θ θ

θ−
−

−
= −         (3) 

where q is vertical flow rate, KT-B  is the harmonic mean of the hydraulic conductivity of 

the top and bottom layers, θ is the volumetric water content, dT-B is the flow distance 

between observations and HT and HB are the hydraulic heads at the top and the bottom of 

the studied layer, respectively. 
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RESULTS  

 

Root water uptake during the dry season   

Water content at the tea, secondary forest and grassland sites increases with depth, but 

soil moisture tends to decrease with depth at the rubber site (Figure A.3). Surface soil 

moisture fluctuations resulting from rainfall are propagated to deeper layers faster at the 

tea, secondary forest and grassland sites than under rubber, where the signal is strongly 

dampened with depth. Changes in water content at 1 m and 2 m under rubber show an 

important time delay with respect to the increasing surface soil moisture content at the 

onset of the wet season. Such a delay is not present at the other three sites. 

 

 For the entire study period (including the wet seasons), the estimated Darcy flux 

calculated using (3) gives flows that are not greater than 0.2 mm/day under the rubber 

site. Flow values are one to two orders of magnitude smaller during the dry season. 

Percolation in the secondary vegetation site is a little larger but never exceeding ±1.5 

mm/day early in the dry season. Furthermore, in both vegetation sites, upward flow 

dominates the top layer, and downward flow the lower one. Therefore, neglecting deep 

percolation during the dry seasons is a reasonable assumption. For each layer, changes in 

water content with time have been calculated using (1) with appropriate integration 

limits. Changes in water content for a certain layer are transformed to evaporation 

fractions, λ, using (2) and the equilibrium evaporation as the assumed maximum 

evaporation (Priestley and Taylor, 1972). Contrary to general applications, we assume the 

large-scale advection correction factor in the Priestley-Taylor method to be 1. It has been 

reported (McNaughton and Black, 1973) that such a value is more representative for 

rough land surfaces, as is the case in our study site. This value also agrees with results for 

rubber plantations in Ivory Coast (Montény et al., 1985). 
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 For each vegetation type and each soil layer, Figure A.4 shows stacked λ values 

for the dry season of 2005 and 2006. The total height of the bars represents the scaled 

total root water uptake. During 2005, the evaporation reduction factors for rubber, 

secondary forest and tea follow a similar trend with more or less constant root uptake in 

the deeper layers (λ2 and λ3) and a decreasing trend at the surface (λ1). Forest shows the 

highest root water uptake at the surface. All the sites have an apparent drop in root water 

uptake in the middle of January due to a small rain event that affected the measured soil 

moisture. Rubber shows a distinctive trend in the surface and subsurface layers. From 

January and throughout most of February 2005, evaporation mainly depletes water 

content from the surface layer. Starting in mid February, root water uptake from the 

deeper layers increases rapidly while no changes occur at the surface. The maximum root 

water uptake from the deeper layers occurs at the end of February, a few weeks before 

the arrival of the first rains.  

 

 The 2006 dry season is characterized by a few significant rainstorms occurring at 

the beginning of January (~ 40 mm) and mid February (~ 30 mm) (Figures A.4e-h). 

Again, the secondary forest site shows the highest subsurface water uptake. Secondary 

forest has increased root water uptake in both deeper layers few days after the two main 

precipitation events. Rubber shows a similar response as in 2005, with very low root 

water uptake for the first two months of the dry season and a sudden increase from mid 

March through the end of March. During this dry season, λ in tea and grassland shows a 

similar pattern as in 2005. The most notable difference is the pronounced decline of root 

water uptake in the deepest soil layer under the grassland site.  

 

Changes in surface albedo  

Albedo values at the rubber plantation range from 0.12, measured early in the year, to 

over 0.20 in March (Figure A.5). Because vegetation cover at the 3-years old tea 

plantation was low in 2004, albedo measurements reflect, to some extent, soil moisture 

variations in addition to vegetation phenology. Albedo was not measured at the 
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secondary vegetation and grassland site. Additional albedo measurements were recorded 

in a younger secondary vegetation site located within the basin. These limitations in data 

availability were taken into consideration, and the major findings are not based on them.  

 

DISCUSSION 

 

The phenology of rubber is determined mainly by either the annual course of photoperiod 

(the physiological reaction of vegetation to the length of day or night), or insolation 

(Renner, 2007; Yeang, 2007). The time series in Figure A.6 show rubber’s albedo, 

increase of day-length, insolation, and precipitation during the study period. Albedo 

measured above rubber, tea and secondary vegetation were correlated with increase of 

day-length, insolation, precipitation and temperature. Rubber’s albedo is most correlated 

with the increase in day-length with a correlation coefficient of 0.56. No significant 

correlation was found between rubber phenology and the other climatic variables. 

Insolation, theoretically calculated incoming noon radiation (Figure A.6), or similarly, 

measured incoming solar radiation, showed no correlation with rubber albedo. These 

results highlight the importance of increase in day-length on the dynamics of rubber in 

this environment. Other environmental variables suggested elsewhere (such as 

precipitation and temperature) play, at best, a minor role in the rubber phenology 

(Chandrashekar et al., 2002; Raj et al., 2005; Rao et al., 1990 and Rao et al., 1998). Tea 

shows similar trends as rubber, with higher correlation of tea’s albedo with the increase 

in day-length. However, secondary forest seems to correlate more strongly with 

temperature.  

 In Nam Ken Hevea is dormant from November to March and retains its foliage 

until the end of February, when leaves are shed within 2 to 4 weeks. Bud break and 

growth of new leaves start in late March, several weeks (2 to 4) before the arrival of the 

first monsoon rains. Shedding of old leaves results in an increase of albedo from 0.12 
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(typical value of evergreen forest) to 0.20 (a typical value for soil) in March; and flushing 

of new leaves decreases albedo back to 0.12 in April (Figure A.6). Rapid shoot growth 

during the late dry season (April) is accompanied by increased water uptake from deeper 

soil layers (Figure A.4a,e; cf. Borchert et al., 2002). This subsurface water uptake is 

necessary to increase stem water potential above a certain threshold to allow bud break 

(Borchert et al., 2002). In support, a study in northern India showed girth perimeter 

increasing several weeks before the first rainfall, possibly indicating rehydration of the 

tree from deep layer water uptake, associated with bud breaking (Chandrashekar et al., 

1998). Furthermore, flushing induced by increasing day length during the late dry season 

has been observed in many tropical tree species in monsoon forests around the globe 

(Rivera et al., 2002; Elliott et al., 2006). It depends on the availability of adequate subsoil 

reserves, as observed earlier in Amazonian forests (Nepstad et al. 1994).  

 

 The causes of bud break and flushing of certain tropical species during the dry 

season (a phenomenon referred to as the leaf flushing paradox; Rivera et al., 2002; Elliott 

et al., 2006) is on debate (Renner, 2007). As pointed out by Rivera et al. (2002) and 

Elliott et al. (2006) rubber flushing is independent of climate conditions and is primarily 

associated with photoperiodic induction (increase in day-length) and the availability of 

deeper subsurface water. Flushing occurs around the equinox, which corresponds to the 

maximum increase in day length. Observations of changes in the albedo of rubber 

together with increase of day length (Figure A.6) and with root water uptake (Figure A.5) 

confirms that rubber is indeed a brevideciduous spring flushing species. It seems that 

water availability plays a secondary role in triggering rubber dynamics during the dry 

period, either for shedding or flushing new leaves. As shown in Figures A.4, A.5 and A.6, 

rubber exhibits a distinct behavior compared to the other land use types. Secondary 

forest, tea, and grassland seem to depend primarily on water availability in the form of 

rain. In 2005 (the drier of the two dry seasons) no increase in deep root water uptake was 

observed in the forest site. However, the few rain events in 2006 did trigger activation of 

vegetation and growth (Figure A.4h). Tea and grassland do not show any activation of 
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deeper roots after the rainstorms, possibly because their water needs are fulfilled with 

near-surface water sources (Figure A.4).  

 Rubber currently (in 2005) represents over 16% of the land cover in the Nam Ken 

basin (Table A.1). Replacing 16% of the native vegetation by rubber could have 

important implications on the local and regional hydrological cycle. Based on long term 

observations, Liu (1990, reported in Wu et al., 2001) shows a negative relationship 

between the presence of fog and the increase of rubber plantations in the Xishuangbanna 

region. The author claims that the reduction of fog in the region is a direct consequence 

of replacing forest by rubber, given that rubber trees shed their leaves during the dry 

season (Wu et al., 2001), with a consequent reduction of leaf interception and drip. Liu et 

al., (2004) refer to this alteration of hydrologic partitioning by rubber as the main reason 

for the observed reduction in soil water content. This could also explain our observations 

of lower water content with depth for rubber, as compared to secondary forest (Figure 3). 

Soil moisture under grassland and tea does not decrease with depth because of the 

absence of deep roots to deplete the water content at deeper layers, as field observations 

and the literature suggest. We now know that rubber’s water demand is concentrated 

around the equinox, when soil water availability is the lowest and atmospheric demand is 

the greatest. In similar settings (where precipitation and atmospheric demand are “out of 

phase”) changes in native vegetation have resulted in dramatic changes in streamflow 

and/or groundwater levels (Wilcox et al., 2006). 

 

CONCLUSIONS 

 

Observations of vegetation dynamics and soil moisture time series analysis suggest a 

dramatically different behavior in terms of timing and rates of water consumption 

between the studied vegetation types. Albedo trends and field observations indicate that 

rubber sheds its leaves for a couple of weeks during the driest and hottest period in the 

region. Leaves fall to minimize water loss through evaporation and to allow the build-up 



  38 

of stem potential to initiate next season’s bud break. The additional stem potential needed 

for flushing is acquired through deep subsurface water uptake. Leaf flushing is triggered 

by the increase in day length. At the secondary forest site, root water uptake is linked to 

water availability in the form of rain. Native forest trees rehydrate after occasional rain 

events during the dry season, or shortly after the start of the rainy season. Water 

extraction from deep soil layers was not observed under shallow-rooted tea and grassland 

covers.  

 These results indicate that a specific conceptual model is needed to predict 

hydrologic changes due to land-use changes. In general, evaporation reduction functions 

depend solely on soil water content; however, our results emphasize the importance of an 

ecohydrological perspective for modeling purposes. We have shown that in the case of 

rubber trees, the increase in day-length is the deterministic variable that controls 

vegetation dynamics and water uptake in the dry season. Building an evaporation 

reduction function based on vegetation dynamics and hydrologic information 

corroborates the importance of bridging ecology and hydrology to elucidate and solve 

common problems. Future work will involve the development of a conceptual 

evaporation reduction model consistent with the ecohydrological observations, and the 

application of the model at the catchment scale.  
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TABLES 
 
Table A. 1: Land Cover Distribution at Nam Ken (69 km2) in 2005Error! Bookmark 
not defined. 

 Land Cover type Surface (ha) % surface Station Type 
Primary forest 2,823.03 43.1  Forest 

Secondary Forest 689.94 10.5 SM/RF 
Tea Agriculture 1,529.91 23.4 MET 

Mature Rubber 314.55 4.8  
Young Rubber 131.67 2.0 MET Rubber 

Upland agriculture / Young rubber 632.43 9.7  
Grassland Grassland & Barren 3.69 0.1 SM/RF 

 Rice Paddies 395.28 6.0  
 Water 26.37 0.4  
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Table A. 2: Soil Water Retention Parameters and Observed Saturated Hydraulic 
Conductivity.  

Rubber Surface 1 m 2 m 
θres 0.10 0.16 0.17 
θsat 0.62 0.59 0.59 
n  1.40 1.13 1.17 
α 0.005 16.0 6.95 
m 0.28 0.11 0.15 
Ksat   (mm h-1) 54 51 11 
2ary Forest Surface 1 m 2 m 
θres 0.14 0.21 0.35 
θsat 0.77 0.67 0.75 
n 1.47 1.15 2.94 
α 0.002 1.87 0.0004 
m 0.32 0.13 0.66 
Ksat  (mm h-1) 35 7 2 

Where θres is the residual water content; θsat the saturated water content; n, α and m van 
Genuchten-Mualem fitting model parameters’; and Ksat the saturated hydraulic conductivity. 
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FIGURES 
 

 
Figure A. 1: (a) Location of the experimental catchment Nam Ken. (b) 
Micrometeorological (triangles) and soil moisture stations (squares) in Nam Ken. (c) 
Isohyets in Nam Ken and (d) land-cover. 
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Figure A. 2: Studied land covers: a) rubber, b) tea, c) secondary forest, d) grassland. 
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Figure A. 3: Soil moisture time series observed at the four land cover sites.  
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Figure A. 4: Two days average of evaporation reduction functions for the four vegetation 
types (a-d: 2005 dry season; e-h: 2006 dry season). The lighter gray in the surface layer 
of b) and d) indicates interpolated values due to missing data. There is no significant 
precipitation during the 2005 dry season on rubber and grassland. In 2006, because of the 
scattered precipitation events, no evaporation reduction function was calculated for the 
surface layer. 
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Figure A. 5:Daily albedo values and evaporation fraction (λ) for 2005 and 2006 dry 
seasons. Average two days evaporation reduction function for rubber in 2005 and 2006.  
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Figure A. 6: Precipitation (left axis) measured in rubber plantation (black) and secondary 
forest (grey), together with day length increments (solid black line) and surface albedo 
(solid grey line) at the rubber plantation (both right axes).  
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ABSTRACT 
 

This study investigates basin-scale hydrologic implications of the replacement of forest-

dominated land cover by rubber plantations in Montane Mainland Southeast Asia 

(MMSEA). The paper presents a new method for estimating the water demand of rubber 

and consequently water losses to the atmosphere through rubber evapotranspiration. In 

this paper we argue that rubber evapotranspiration is energy-limited during the wet 

season, but during the dry season water consumption is mostly governed by 

environmental variables that directly affect rubber phenology, namely vapor pressure 

deficit, temperature and photoperiodicity. The proposed evapotranspiration model is 

introduced into a hillslope-based hydrologic model to predict the basin-scale hydrologic 

consequences of rubber replacing native vegetation. Simulations suggest greater annual 
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catchment water losses through evapotranspiration from rubber dominated landscapes 

compared to traditional vegetation cover. This additional water use reduces discharge 

from the basin, or its storage. 

 

Keywords: Rubber (Hevea brasiliensis), phenology, evapotranspiration, land use change, 

crop factor, China.  
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INTRODUCTION  
 

 Rubber (Hevea brasiliensis) seedlings, known as “Wickham base”, were 

introduced to Singapore and Ceylon from Amazonia in 1877 (Priyadarshan et al., 2005). 

Since then rubber has expanded throughout all of South and Southeast Asia, where it is 

now grown in countries such as Indonesia, India, Malaysia, China, Vietnam, Philippines, 

Myanmar, Bangladesh, Cambodia, and Thailand. Since the early 1980s, rubber research 

institutions have studied productivity and adaptability of Hevea clones to relatively cold 

and dry environments (Priyadarshan et al., 2001; Vijayakumar et al., 1998; Gururaja Rao 

et al., 1990). Clones are now adapted to overcoming dry periods and lower temperatures 

without important loss of latex yield (Chandrashekar, 1998; Rodrigo, 2007). Using new 

genotypes, rubber plantations have now expanded to 27°N latitude and up to 1100 m in 

elevation (Priyadarshan et al., 2005), well beyond the native environment of 10° N/S of 

the equator and 400 m above mean sea level (Priyadarshan et al., 2005).  

 

Rubber was first introduced in South China (including Xishuangbanna, Yunnan 

province) in the early 1950s (Chapman, 1991). At that time rubber replaced large 

extensions of tropical rain forest occurring naturally below 800 m (Li et al., 2007). The 

increase in rubber plantations at lower elevations shifted agricultural activities to higher 

elevations (Li et al., 2007). In recent years, the use of cold resistant rubber clones have 

been substituting rain forest that grows up to 1100 m in elevation (Li et al., 2007; Li et 

al., 2008; Shanmughavel et al., 2001), expanding the rubber plantations and the 

agricultural lands to higher elevations. Currently there are more than 400,000 ha of 

rubber in Xishuangbanna (Qiu, 2009) and over 500,000 ha throughout MMSEA (Ziegler 

et al., 2009b).  

 

Despite the large extension of land covered by rubber, the environmental and 

socio-economics impacts of rubber expansion have only recently been explored at 

various scales (Liu et al., 2006; Xu et al., 2005; Li et al, 2008; Li et al., 2007). It is now 
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recognized that land-cover transitions to rubber monocultures may result in significant 

losses of aboveground (Bunker et al., 2005) and belowground (Guo and Gifford, 2002) 

carbon stocks and biodiversity (Li et al., 2008; Ziegler et al., 2009a,b). Vegetation 

dynamics, as well as possible differences in growth rates, leaf turnover and 

decomposition rates of rubber, might induce changes in carbon stocks and carbon 

exchange rates. Furthermore, the methods of plantation management for rubber (land 

terracing, control of understory growth, etc.) and harvesting (latex extraction) may further 

alter carbon dynamics in ways that are currently unknown. 

 

With respect to hydrology, rubber is blamed to be the cause of the dramatic 

downward trend in fog frequency between the mid-1950s and the mid-1980s (Liu, 1990; 

cited in Wu et al., 2001). Wu et al. (2001) showed that surface runoff increased by a 

factor of three, and soil erosion increases by a factor of 45 as a result of conversion from 

tropical forest to monoculture rubber in Xishuangbanna. With regards to rubber water 

consumption, extensive field observations in Xishuangbanna suggest that rubber is 

depleting the subsurface water resources, as significant deep root water uptake occurs 

during leave flushing coinciding with the driest and hottest period of the year (Guardiola-

Claramonte et al., 2008). In addition, rubber trees have been referred to as “water 

pumps”, as they are associated with water depletion in the basins where they are grown 

(Qiu, 2009). However, more research is needed to verify these claims and to fully 

understand the hydrological consequences of extensive land-cover conversion to rubber 

at basin-scale (Monteny et al., 1985; Gururaja Rao et al., 1990; Sen et al., in progress; 

Ziegler et al., 2009b).   

 

 In this paper we first develop a new model to estimate rubber evapotranspiration 

by accounting for observed patterns of rubber root water uptake as affected by plant’s 

phenology. In particular, the method considers vegetation dynamics and corresponding 

water needs (evaporative demand). The proposed method is next introduced into a basin-
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scale hydrologic model to assess and quantify the hydrological impacts of rubber 

expansion at scales beyond the stand level. 

 

TRADITIONAL APPROACH TO ESTIMATE EVAPOTRANSPIRATION  

 

 Water losses through evapotranspiration (ET) constitute a major component in the 

water cycle, mostly determined by available energy, water (through soil moisture or 

groundwater), the drying power of the air, land cover and vegetation characteristics. In 

humid tropical sites, when enough soil moisture is available, ET is mostly limited by 

atmospheric demand, with net radiation being the strongest driver for ET (Fisher et al., 

2009). Conversely, during water limited conditions, plants show different strategies to 

regulate water use, mostly through stomata regulation that is triggered by atmospheric 

vapor pressure deficit (VPD), temperature and radiation.   

 Hydrologic models simulate atmospheric water demand using equations such as 

Penman-Monteith (Monteith, 1965) to calculate maximum, unstressed evapotranspiration 

(ETmax, commonly referred to as potential evapotranspiration). ETmax is usually calculated 

either neglecting stomatal/canopy resistance, rc, (suggesting open water or wet canopy 

evaporation), or assuming a minimal value of canopy stomatal resistance to represent a 

known crop or vegetation type. These equations perform best when estimating latent heat 

flux during periods when water availability is not limiting. During dry periods, when 

vegetation reduces water consumption by either closing its stomata or shedding its leaves, 

maximum evapotranspiration can be adjusted by either considering variable stomata 

conductance explicitly (Stewart, 1988), or by modifying ETmax by factors (often referred 

as crop factors) that reflect changes in soil water availability (fθ in Eq. 1) (Thornthwaite 

and Mather, 1955; Teuling et al., 2007; Vivoni et al., 2008) or changes in leaf cover (fvi 

in Eq. 1), such as Leaf Area Index (LAI) or normalized vegetation index (NDVI) (Vivoni 

et al., 2008) used as surrogate measures of the dynamics of vegetation cover, i.e. by 

setting ETa, the actual evapotranspiration to be: .  
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via ffETET θmax= ,         (Eq. 1) 

 

This is a traditional approach, but it only represents different vegetation dynamics by 

means of LAI variations, and assumes that ET is always directly related to soil moisture. 

However, it does not properly represent rubber ET, because it neglects the increased 

water use during the dry season when both soil water content and canopy cover are 

minimal (Guardiola-Claramonte et al, 2008). Consequently, in an effort to better 

represent rubber plant water uptake we seek to define rubber plant water needs in terms 

of plant phenology.  

 

 

RUBBER PHENOLOGY AND WATER NEEDS  

 

Rubber is a (brevi-)deciduous tree because it sheds its leaves for a short 2-4 week 

period but retains full foliage throughout the rest of the year. Rubber trees undergo highly 

synchronous shedding that has been associated with photoperiod (day length), with 

complete abscission of leaves occurs around the equinox (Guardiola-Claramonte et al., 

2008). Leaf flushing in rubber trees happen at the midst of the hottest and driest period in 

Xishuangbanna, weeks before the arrival of the rainy season. Flushing leaves during the 

dry season imply that the tree must have access to sufficient reserves of water for the 

following leaf expansion (Williams et al., 2008; Elliott et al., 2006). Guardiola-

Claramonte et al. (2008) used extensive field observations of root zone soil moisture to 

show that significant deep root water uptake takes place during leave flushing of rubber 

trees. While shedding reduces transpiration (Priyadarshan and Clément-Demange, 2004), 

simultaneous root water uptake increases stem water potential that is needed for 

subsequent leaf flushing. Importantly, the water is extracted from the soil column (i.e., 

basin storage), but is not released to the atmosphere until new foliage is grown. Rubber, 
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as a deciduous tree, has therefore a very different phenology to the native vegetation 

which is mostly evergreen.  

 

 The brevi-deciduous response of rubber (i.e. short shedding, and subsequent 

flushing during the hottest and driest season) is common in drier seasonal tropical forest 

of Thailand (Williams et al., 2008) and the Indian monsoon forest (Elliott et al., 2006), 

but has not yet been reported for the moister rainforests in Xishuangbanna. In the Thai 

forests’, deciduous trees show a wide range of leaf exchange patterns with most species 

partially flushing their leaves during the late dry season (Williams et al., 2008; Elliott et 

al., 2006). It is believed that trees will show different phenology depending on the local 

water balance during the dry season, with the degree of deciduousness increasing with 

rising water stress (Elliott et al., 2006; Yoshifuji et al., 2006). Leaf abscission in these 

dry forests has also been associated either with photoperiod or the start of the rainy 

season (Williams et al., 2008; Elliott et al., 2006), similar to the leaf shedding of rubber 

trees (Guardiola-Claramonte et al., 2008). A common characteristic for these deciduous 

tropical forests (and also rubber) is the high degree of synchronicity that seems to arise 

when leaves shed for short periods of time.  

 

 In summary, rubber is a (brevi-)deciduous tree that has now replaced mostly 

evergreen vegetation in the basin, which shows strong synchronicity for flushing and 

shedding, with important root water uptake associated with these two processes.  

 

ESTIMATING RUBBER EVAPOTRANSPIRATION  

 

The scientific community has given little attention to parameterizing rubber 

evapotranspiration (Monteny et al., 1985) or quantifying the basin scale hydrological 

implications of the extensive conversion of native vegetation to rubber monoculture 

(Monteny et al., 1985; Gururaja Rao et al., 1990). Rodrigo et al. (2005) developed a 

model to compute rubber boundary layer conductance based on LAI and wind speed as a 
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first step towards estimating rubber ET. While the model improved estimates of rubber 

ET with the Penman-Monteith equation, the authors state that the model would perform 

better if phenological information would be added (Rodrigo et al., 2005).  

 

 Recently, some land surface models have introduced phenology information in an 

attempt to better predict vegetation dynamics and their interactions with climate (Foley et 

al., 1998). A recent study by Jolly et al. (2005) proposed a generalized, bioclimatic index 

that depends on minimum temperature, vapor pressure deficit and photoperiod to predict 

foliar phenology. A similar approach was already used by Stewart in 1988 to estimate 

changes in surface conductance for ET estimation within different ecosystems. The 

Jarvis-Stewart conductance model (Stewart, 1988) relates temperature, vapor pressure 

deficit, radiation, and soil moisture to canopy/stomatal conductance (the inverse of rc). In 

a similar context, the phenology variables such as minimum temperature, vapor pressure 

deficit and photoperiod have been used to adjust stomata conductance to better represent 

mesquite evapotranspiration in a riparian ecosystem (Serrat-Capdevila et al., in review) 

with satisfactory results.  

 

We propose a crop factor (K) that depends on these three phenology variables as 

they have already shown to correlate with evapotranspiration, and has therefore the 

potential to improve evapotranspiration estimates for different vegetation types and 

climate conditions. Herein, we propose a crop factor that depends on phenology 

(Kphenology) to estimate evapotranspiration (ETrubber) as follows:  

 

yphenorubber KETET logmax=    

DLVPDTypheno fffK =log         (Eq. 2) 

 

and fT, fD, and fDL are evapotranspiration reduction functions associated with the three 

environmental variables (f = 1 when the vegetation is fully active and f = 0 when 

inactive; Thornthwaite and Mather, 1955). Applying the Kphenology to directly modify 
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ETmax avoids the need for stomata conductance measurements. Extensive research on 

rubber trees has shown dependence of rubber yields on the Kphenology environmental 

variables (Priyadashan, 2003), and strong relationships between rubber yield and 

evapotranspiration (Priyadarshan and Clément-Demange, 2004). Therefore, we 

hypothesize that the same environmental conditions also inform the rubber’s water 

consumption and we can define the Krubber to estimate its water demand. 

 

 The evapotranspiration reduction functions in Eq. 2 are represented by linear 

ramp functions controlled by minimum and maximum bounds. These parameters of the 

ramp functions are chosen from literature reviews, as well as from extensive field 

observations (Guardiola-Claramonte et al., 2008) to fit the specific water demand for 

rubber:  

 

• Temperature (T): Hevea trees suffer cold damage when temperatures fall below 5°C 

or remain below 10°C for a prolonged period of time. On the other hand, rubber yield 

reduces when temperatures are above 28°C. Assuming that changes in rubber yield 

and ET are triggered by the same temperature thresholds (Priyadarshan and Clément-

Demange, 2004), we propose minimum and maximum bounds of 10°C and 28°C 

(Priyadarshan, 2001) (Figure B.1a). 

 

• Vapor pressure deficit (VPD): Rubber closes its stomata when vapor pressure deficit 

rises above 3.5 kPa, with the largest latex flow occurring when deficit is below 1.2 

kPa (Priyadarshan, 2003). As the stomata close, transpiration is reduced, thus ET is 

inversely proportional to vapor pressure deficit between values of 1.2 and 3.5 kPa 

(Figure B.1b). 

 

• Photoperiod or daylength (DL): Hevea needs sunny environments with 2000 hr of 

sunshine per year (with at least 6 hr/day in all months) (Priyadarshan, 2003). We use 

the values of active and non-active vegetation suggested by Jolly et al. (2005), in 
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which the lower bound also corresponds to the day length during the spring equinox. 

According to the proposed photoperiod index, vegetation starts to become active 

when day length is longer than 10 hours, and is fully active for days of 11 hours 

sunshine or more (Figure B.1c). These bounds are confirmed with albedo 

observations in a rubber plantation (Guardiola-Claramonte et al., 2008).  

 

It is important to recognize that our model for estimating evapotranspiration of rubber 

trees does not depend on LAI or NDVI, which are manifestations of vegetation responses 

to different environmental stresses rather than a driver of vegetation dynamics. These 

vegetation indices might be proposed as a surrogate for the purpose of calibrate Krubber. 

However for some parts of the year rubber tree water demand is not related to either LAI 

or NDVI, since root water uptake has been observed during rubber shedding when LAI is 

minimal (Guardiola-Claramonte et al., 2008). In addition, Krubber does not include soil 

moisture as one of the environmental stressors that affects vegetation dynamics, given 

that flushing of new leaves occurs in the midst of the driest and hottest season. Instead, 

we assume that enough water is available either in the surface soil layers or in deeper 

layers, as was observed in Xishuangbanna (Guardiola-Claramonte et al., 2008).  

 

 

EXPERIMENTAL SITES  

 
Our study uses hydrological and meteorological data collected at two experimental sites 

in MMSEA: (1) Nam Ken (Xishuangbanna, China), where rubber expansion is now 

occurring but where only limited hydro-meteorological data were recorded between 2004 

and 2008; and (2) Pang Khum experimental watershed (PKEW) in northern Thailand, 

where hydro-meteorological data have been collected since 1996. Measurements at Nam 

Ken are used to characterize rubber phenology and verify the Krubber and subsequently 
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ETrubber (Eq. 2). The long time series of hydrological data collected in PKEW are used for 

calibration and validation of the catchment-scale hydrological model to study the 

hydrological implications of land-cover conversion to rubber.  

 

 Nam Ken (69 km2) is located in the Chinese prefecture of Xishuangbanna (22°N, 

101°E), next to the Myanmar border (Figure B.2). The elevation in the basin ranges from 

800 m to over 2000 m AMSL, and mean annual precipitation and temperature are 1380 

mm and 20°C respectively. Nam Ken is characterized by a monsoon-dominated climate, 

where most of the precipitation falls between May and October. During the dry season 

monthly precipitation usually is below 50 mm/month and often absent. Rubber was 

introduced at low elevation areas in the late 1970s. With the development of lower 

temperature resistant clones, rubber has been planted up to 1100m AMSL, covering by 

2005 about 16% of the total basin area. Rubber expansion has occurred largely at the 

expense of traditional agriculture and forest.  A micrometeorological station was installed 

in a 15 years old rubber plantation in May 2004 and removed in February 2007. 

Measurements of four radiation components (incoming shortwave and long wave 

radiation, reflected shortwave radiation and emitted long wave radiation), wind speed, air 

temperature, relative humidity, and precipitation above the canopy were recorded hourly 

at this site. Additionally, soil heat flux was measured at the soil surface together with soil 

moisture at three different depths (surface, 1 and 2 m depth). Albedo is defined as the 

ratio of reflected to incoming shortwave radiation. Daily albedo values are calculated by 

averaging the hourly radiation from 10:00 to 14:00 local time. Detailed soil 

characterization showed rubber tree roots concentrated mostly within the first 1.1 m, but 

roots have been observed throughout the 2.25 m soil profile. For further information 

about Nam Ken please refer to Guardiola-Claramonte et al. (2008). 

 

 PKEW (93 ha) is located near the village of Pang Khum (19°03’N, 98°39’E), in 

Chiang Mai province, Thailand (Figure B.2). Characterized by a monsoon-type of 

climate, PKEW receives over 90% of the total annual precipitation (1200 to 1300 mm) 
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between mid-May and October. The basin has been continuously monitored since 1996 

for energy and water fluxes with two micrometeorological towers measuring 

precipitation, air temperature, relative humidity, incoming and reflected radiation, and 

wind speed. We used data from 1998 to 2005 (8 years). For this period of time, soil 

moisture has also been measured at three different depths (surface, 1 and 2 m) in several 

locations. The basin presents a mosaic of agriculture fields, fallow fields and secondary 

forest. PKEW basin, with eight years of hydrologic forcing data, stream flow, and 

detailed soil and vegetation characterizations, constitutes an ideal reference basin to 

calibrate hydrologic models for tropical catchments, prior to the expansion of rubber in 

the region. There are numerous publications using PKEW data. Among the most relevant 

for further details about the basin please refer to the following ones: Ziegler and 

Giambelluca, 1997; Ziegler et al. 2000; Ziegler et al., 2001, Ziegler et al., 2004; 

Giambelluca, 1996; Giambelluca et al. 1996; and Cuo et al., 2006. 

 

 Time series of LAI and surface reflectance for Nam Ken rubber and forest were 

downloaded from NASA’s MODerate resolution Imaging Spectroradiometer (MODIS) 

Land Products MOD15A2 and MOD09A1. MOD15A2 measures LAI composites every 

8 days at 1-kilometer resolution; MOD09A1 provides an estimate of the surface spectral 

reflectance from Bands 1–7 at 500-meter resolution at 8 day resolution. The spectral 

reflectance from MOD09A1 is similar to surface spectral reflectance as it would be 

measured at ground level in the absence of atmospheric scattering or absorption. The 

images were filtered and only high-quality and cloud-free images were selected for 

analysis. After filtering, to fill gaps in the time series, a piecewise cubic Hermite 

interpolation interval with a 1 days time step was used to derive a continuous data series 

of LAI and surface reflectance. Annual average LAI series for PKEW and Nam Ken were 

derived by averaging daily values for nine years of data (Figure B.3). Surface reflectance 

was used to calculate NDVI (Huete et al., 2002). 
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HsB-SM HYDROLOGIC MODEL   

 

 The hillslope-storage Boussinesq soil moisture model (hsB-sm) solves the energy 

and water balance of the root zone, computes saturated subsurface flow from all 

hillslopes of a catchment, and allows return flow generating saturation excess overland 

flow. Vertical exchange fluxes (groundwater recharge and capillary rise) between the root 

zone and the groundwater table are derived from a parametrization based on the steady-

state Darcy equation (Bogaart et al., 2008). Subsurface flow and groundwater table 

dynamics are computed using the hillslope-storage Bousinesq equation (Troch et al., 

2003; Paniconi et al., 2003). These simplifications allow the model to be computationally 

efficient, and yet physically based. Maximum ET is computed using the Penman-

Monteith equation for a coniferous type of vegetation. Actual ET values depend on root 

zone soil moisture conditions as well as root fraction and LAI (Teuling and Troch, 2005). 

This traditional approach (Eq. 1) uses a ET reduction function which parameters are 

saturated water content (θsat), critical water content (θc) and wilting point (θw) (Table 

B.2). To introduce the phenology crop factor into the model, the ET formulation has been 

replaced by Eq. 2.  

 

 Model forcing data include precipitation, net radiation, wind speed, temperature 

and relative humidity. Table B.2 summarizes main vegetation and soil parameter values 

used for a baseline model simulation to reflect existing (observed) conditions in the 

catchment of PKEW. This baseline run will be compared to model simulations 

accounting for rubber land use. 

 

BASIN-SCALE WATER BALANCE SIMULATIONS  

 

 Because of the limited access to direct ETrubber measurements in Nam Ken, to 

support our Krubber and ETrubber predictions, we derived estimates of root water uptake for 
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two dry seasons (2005 and 2006) from detailed soil moisture profiles. Root water uptake 

has been normalized by estimated maximum ET (λ = ET/ETmax), providing direct 

information of the rubber crop coefficient. Figure B.4 shows the Krubber closely following 

the λ values, confirming the representation of rubber water uptake when using the Krubber. 

Second, we consider rubber water demand to be a function of energy availability during 

the rainy season, where there is no water or temperature limitation on rubber phenology 

or water-use. During this season, Krubber is proportional to vegetation indices, namely LAI 

and NDVI, as showed in Figure 4, where Krubber closely follows the same pattern as 

NDVI and LAI. 

 

 The hydrologic model hsB-sm is calibrated and validated using the long term 

observations at PKEW. Soil and vegetation parameter values required to set up hsB-sm 

have been based on in situ measurements, remote sensing observations and values taken 

from prior modeling applications in the basin (Table 2; Cuo et al., 2006). After manual 

calibration, minimizing the difference between observed and simulated discharge, soil 

moisture, runoff coefficient (ROC, the ratio of annual discharge versus annual 

precipitation) and the Horton index (ratio of water vaporization to catchment wetting; 

Troch et al., 2009) using the first four years of data from PKEW, hsB-sm was validated 

using the entire eight years of daily observation data. The calibrated model run, 

representing a mosaic of traditional land cover in MMSEA in PKEW, is referred to as the 

baseline simulation or scenario B (scenario A refers to the observations at PKEW). This 

baseline scenario is compared in the next paragraph with two rubber simulations: a first 

model run in which rubber ET has been approximated using the traditional modeling 

approach (i.e. Eq. 1, scenario C), and a second model run in which the ETrubber with 

Krubber index are used (scenario D). The three different models runs and the overall water 

balance performances are summarized in Table B.3 and Figure B.5. There is a good 

agreement between the baseline simulation and observations in PKEW with regards to 

discharge, ET, ROC and the Horton index (Table B.3). Furthermore, based on runoff 

coefficients and exceedance probability curves, the agreement between observed and 



  65 

simulated stream flow distributions are considered reasonable (Figure B.6; Table B.3), 

with the exception for low flows in 1999 and 2001. Overall, the model adequately 

simulated the major water balance components in PKEW, with a small overestimation of 

ET and underestimation of discharge of only about 17 mm y-1 (Table B.3). 

  

 Simulation of rubber conversion using the Krubber showed substantial changes in 

annual discharge, evapotranspiration, runoff coefficient and the Horton index (Scenario 

D; Table B.3; Figure B.5). Comparing to the baseline scenario, annual evapotranspiration 

is enhanced by 20% and discharge is reduced by 29%. Increase in evaporation decreases 

the runoff coefficient, from 0.46 to 0.32. The Horton index is a measure of rain-use 

efficiency of the ecosystem present in the catchment (Troch et al., 2009), thus, the 

observed increase in the Horton index of the basin (from 0.7 to 0.8) indicates that rubber 

is more efficient in using the plant available water in the root zone. Simulated 

evapotranspiration rates agree with earlier estimates of water and energy fluxes in a 

rubber plantation in Ivory Coast (Monteny et al., 1985). These authors measured 

evapotranspiration rates ranging from 3 to 5 mm/day during most of the year and a 

decrease to 1 to 3 mm/day during the two months prior to leaf fall. Annual total 

evapotranspiration rates were larger than 1000 mm/year. This annual ET value is similar 

to the ETrubber estimates of scenario D (Table B.3). Also, similar to our findings, 

evapotranspiration measurements in a 10 years old rubber site in Chethackal (9° 22’ N 

and 76° 50’E) showed a maximum transpiration rate of around 3 to 4 mm/day during the 

driest months of the year, right before leaf shedding (Gururaja Rao et al., 1990). These 

values are also supported by recent flux measurements in northeastern Thailand (T. 

Giambelluca, unpublished data), that showed average evapotranspiration of 3.4 mm/day 

during the dry months of February and March 2009. These ET observations rubber 

plantations are in line with the Krubber model simulations that indicated an average net 

increase of ET of 0.59 mm day-1 over the baseline simulation. 
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As an alternative estimate for the hydrological effects of rubber expansion, we 

replaced PKEW’s LAI with that observed in stands of rubber in Nam Ken (scenario C in 

Table B.3 and Figure B.5), and using the traditional method to reduce ET based on root 

zone soil moisture and LAI. This simple, yet traditional, approach resulted in only 

slightly higher predicted evapotranspiration rates and lower discharge and runoff 

coefficients than the baseline simulation (Table B.3; Figure B.6). Importantly, the total 

average net ET increase predicted is only 0.02 mm day-1, much lower than the prediction 

when using the Krubber for ET estimate.  

Both scenarios (C and D) show similar hydrologic trends (increase in ET and 

decrease in water storage in the basin) as native vegetation is replaced by rubber. 

Scenario D shows a stronger trend compared to scenario C. Even though we lack ET 

measurements on rubber fields to further validate the proposed phenology crop factor, we 

argue that the actual effects of rubber expansion on the basin-scale water balance is more 

closely simulated with scenario D. The existing field observations (Guardiola-Claramonte 

et al., 2008) points to a higher likelihood of our scenario D results. For example, the 

traditional estimation approach is underestimating ET during periods of low LAI or 

NDVI. Observations show that these two variables reach minimums during periods of 

high soil water uplift from deeper soil layers (75 cm to 2.25 m deep), as surface soil 

moisture is too low to support changes in rubber phenology (Figure B.5; see also 

Guardiola-Claramonte et al., 2008). In contrast, the trajectory of the Krubber index 

correctly follows that of observed deep root water uptake during the dry season (Figure 

B.5). Nonetheless, there is a need to further explore how rubber plantations (through e.g. 

direct ET and CO2 fluxes measurements) affect basin-scale water balance components in 

different environments to provide a final answer.  
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CONCLUSIONS  

 

 The evapotranspiration model proposed in this paper combines the energy-based 

maximum evapotranspiration estimate from the Penman-Monteith equation with a 

phenology crop factor that represents more accurately vegetation response to climatic 

forcing. In particular for rubber, this allows a more accurate prediction of relatively high 

water use during dry periods when canopy cover is at a minimum following leaf drop. 

Hydrological model simulations suggest that the conversion of forest cover to rubber in 

MMSEA depletes water storage from the subsurface soil during the dry season, 

increasing water losses through evapotranspiration, and reducing discharge. Traditional 

modeling approaches show similar trends, however, the implications of rubber 

conversion are more conservative. Either estimate align with local beliefs regarding the 

high water use of hevea brasilensis, which could lead to stream desiccation. However, 

detail field observations points towards a higher likelihood on Krubber modeling estimates. 

A final answer could only be achieved when additional ET measurements in rubber 

plantations at different environments are available. In the mean time, the addition of a 

phenologically based index to tune ET provides a means to more adequately represent 

effects of climate and land-cover/land-use changes on the partitioning of water balance 

components.  
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TABLES 
 

 

Table B. 1: Parameter values used for the Krubber derived from (i) Priyadarshan (2003) or 
(ii) Priyadarshan and Clément-Demange (2004) 

 
 Temperature ii Vapor Pressure Deficit i Photoperiod ii 
Maximum 28°C 3.5 KPa 11 hr 
Minimum 10°C 1.2 KPa 10 hr 
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Table B. 2: Major HsB-SM parameter values used for the baseline simulations in PKEW. 

Soil Vegetation 
Ksat = 35 cm/dayi Root zone depth: 1m 
θresidual = 0.1ii Vegetation height: 4.2 m 
θsaturated = 0.37 Light efficiency: 0.3 
θcritical = 0.21 Root fraction: 0.4 
θwilt = 0.11  
Total soil depth: 4 m  
Drainable porosity: 0.3  
i The hydraulic conductivity within the root zone is assumed to be equal to Ksat, but the 
value decreases with depth below the root zone, where the horizontal hydraulic 
conductivity of the Bousinesq aquifer decreases exponentially with depth.  
ii  θ volumetric water content. 
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Table B. 3: Mean observed and simulated hydrological exchanges for PKEW basin 

Scenarios Mean values Evapotranspiration
[mm/year] 

Discharge 
[mm/year] 

ROC 
[-] 

Horton 
Index [-]

A Observations 824* 724 0.47 0.69 
B Baseline Simulation 841 707 0.46 0.70 
D Rubber LAI 850 698 0.45 0.70 
C Krubber 1052 496 0.32 0.80 
* based on the difference between precipitation and discharge, assuming no change in 
basin water storage.  
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FIGURES 
 

 
Figure B. 1: Stress functions for the three environmental variables used in the Krubber to 
predict rubber phenology.  
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Figure B. 2: Location of the experimental catchments Nam Ken and PKEW in the SEA 
region.  
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Figure B. 3: Nine-year (2000 to 2009) daily average of LAI for PKEW (grey line) and 
for Nam Ken rubber plantations (black line). These are the LAI time series in the baseline 
simulation (scenario B), and the scenario C, respectively.  
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Figure B. 4: The top panel shows average LAI (scaled by a factor of 10) and NDVI from 
MODIS pixels covering rubber plantations in Nam Ken. The black line represents 
smoothed hourly in-situ measurements of albedo, and the bars represent root water 
uptake (λ) from a 75 to 125 cm soil layer (light grey) and 125 to 225 cm soil layer (dark 
grey). Albedo values are calculated by averaging the hourly radiation from 10:00 to 14:00 
local time. Root water uptake has been normalized by estimated maximum 
evapotranspiration as follows: (λ = ET/ETmax), providing direct information of the crop 
factor. The bottom panel adds the Krubber (light grey line) for Nam Ken climatic 
conditions.   
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Figure B. 5: Box plots summarizing the overall water balance. Q is total discharge, ET is 
total evapotranspiration, and ROC is runoff coefficient. Shown are scenario A: 
observations; scenario B: baseline simulation; scenario C: rubber simulation using 
traditional fθ and fLAI; and scenario D: rubber simulation using the proposed crop factor 
model. The top and bottom ends of the box correspond to the 25th and 75th percentiles of 
the samples, and the center line is the median. Whiskers extend from each end of the box 
to the adjacent values in the data and outliers are data with values beyond the ends of the 
whiskers, displayed with a cross.  
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Figure B. 6: Observed (light gray) and simulated (black) yearly exceedance probability 
plots for annual and total discharge. Dark gray lines show model results when vegetation 
is replaced by rubber fields modeled with the Krubber model (Scenario D).  
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ABSTRACT 
 

Anthropogenic impacts on the natural environment are accelerating dramatically 

compromising our climate and freshwater supplies. Drastic changes in the structure and 

function of ecosystems alter the hydrologic cycle in unpredictable ways. Observations in 

large semi-arid basins in Southwest US after drought-induced piñon pine die-off 

challenge the established hypothesis that vegetation removal increases stream flow 

following disruption. Basins with a notable increase in temperature experienced 

vegetation die-off. This increase in temperature and the fraction of die-off highly 
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correlate with a decrease in discharge several years after impact. As regional vegetation 

die-off is expected to continue there is an imperative need to better understand landscape 

hydrologic response to climate variability, in order to improve future water management.  

 

Keywords: Die-off, drought, yield, land use change.  

 

 

INTRODUCTION  
 

 Human actions are exerting a global scale impact on the environment (Crutzen 

and Ramanathan, 2000) with considerable implications for our climate and freshwater 

supplies. There is little doubt that contemporary climate change leads to great 

disturbances in the distribution, structure and functioning of eco-hydrological systems 

that provide important services to society and nature (Huxman et al, 2005; CCSP 4.3, 

2008). However, the interactions and feedback mechanisms that control the eco-

hydrological response to climate perturbations are still largely unknown (Newman et al., 

2006). Understanding these climate-hydrology-ecosystem linkages and feedbacks is 

crucial to predicting future changes in the availability of water resources (Jones et al., 

2009).  

 

 Global warming has many direct impacts on ecosystems, including altering 

phenology (Peñuelas et al., 2009), forcing species migrations (Breshears et al., 2009; 

Kelly and Goulden 2008), promoting synchronized fires (Swetnam and Betancourt, 

1998), enhancing insect outbreaks (Bentz et al., 2008), and increasing episodes of forest 

dieback (pulses of greatly elevated tree mortality) (van Mantgem, 2009). These drastic 

changes in the structure and function of ecosystems alter the partitioning of energy, water 

and CO2 fluxes at the land surface and introduce great uncertainty about the future of our 

water resources at basin scales (Weiss et al., 2009). One hundred years of paired 

catchment studies looking at the effect of vegetation removal on the hydrologic cycle 
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(Bosch and Hewlett, 1982), suggest a reduction of evapotranspiration and consequent 

increase in stream flow following vegetation removal (Zhang et al., 2001; Fig. 1 dotted 

lines). This response is mainly observed in humid catchments (where annual precipitation 

is above 500 mm, Wilcox et al., 2002), and/or in basins where a large fraction of their 

vegetation is disturbed (more than 20%, Brown et al., 2005). However, our hydrological 

observations in seven basins in the Southwestern United States affected by recent 

regional piñon pine (Pinus edulis) die-off at the turn of the century contradict these 

findings.  

 

 About 1.2 million hectares of piñon pines died in the Four Corner’s region at the 

turn of the century (Figure C S1). This regional mortality occurred as response to a severe 

drought characterized by anomalously high temperatures and bark beetles outbreaks 

(Breshears et al., 2005; Mueller et al., 2005), and most of the mortality occurred in 2002 

(Gitlin et al., 2006). We selected seven catchments in this region (Insets in Figure C 1 

and Figure C S1) to study the effect of the piñon pine die-off on stream flow. The basins 

range in size (Table C 1), but represent similar temperature and moisture regimes 

characteristics of a semi-arid climate dominated by bimodal (winter and North American 

Monsoon) precipitation distribution. All basins were affected to different degrees by the 

drought, with only four of them exhibiting extensive Piñon pine mortality (Table C 1). 

 

 The ratio between annual stream flow and annual precipitation (the runoff 

coefficient, RC), provides a measure of a basin’s water yield. All basins show a decrease 

in RC during the hydrologic year 2002, at the midst of the drought, compared to the long 

term RC for the 30-year climatology period 1971-2000 (Table 1), suggesting analogous 

drought impact in all the study basins. Following die-off (years after 2002), the RC 

recovered to its climatologic value for the unaffected basins, but remained notably lower 

(at 99.9 % confidence level, Table C 1) for the basins that experienced Piñon pine die-off. 

This translates, opposite to all expectations, into a net decrease in water yield in the die-

off basins for several years after impact (Figure C 1).  
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 Independent of changes in vegetation, an increases in temperature can lead to a 

depletion of discharge, as the evapotranspiration is enhanced with warmer climate (Weiss 

et al., 2009). Across the study basins we observe different degrees of temperature 

dependence (Table C S2), with consequent die-off sensitivity. Basins with no significant 

increase in temperature did not experience piñon die-off (Table C S2), whereas basins 

with warming show important piñon mortality. In these basins, the increase in 

temperature not surprisingly relates to the decrease in water yield observed after die-off 

(Figure C 2A). We isolated the effects of warming from the effect of die-off (SOM 

Methods), and observed that there is a significant depletion in stream flow related to 

temperature, but that this depletion is amplified by a factor of 3.7 (Figure C 2B) when 

concurrent with die-off. Based on the observed streamflow-temperature trend, an increase 

in temperature of 0.5oC results in a depletion of water yield of about 11%, but if die-off 

occurs simultaneously the water yield is depleted by 52% for at least a few years after 

die-off (in this case 5 to 6 years of available observations).  

 

 The unexpected decrease in stream flow after the regional tree die-off highlights 

our limited understanding of the underlying processes and feedback mechanisms that 

control the hydrological response of an ecosystem to climate variability. Land cover 

dynamics in semi-arid environments around the world are sensitive to climate variability 

(Newman et al., 2006). One might expect that in these water-limited environments only 

the most efficient vegetation will not succumb to water scarce periods. Climatic-induced 

land use changes are constantly occurring in the sensitive semi-arid environments of the 

world (Newman et al., 2006). The hydrologic response to abrupt changes in land cover 

greatly depends on landscape physiography, dominant streamflow generation 

mechanisms (Huxman et al., 2005), and the climate-ecosystem-hydrology feedbacks 

during and after the year of disruption (Wilcox et al., 2002) Piñon-juniper ecosystems are 

composed of woody areas with intercanopy spaces dominated by bare soil or herbaceous 

species, such as blue grama (Bouteloua gracilis). In these patchy ecosystems, the overall 
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hillslope runoff depends on the mosaic of vegetation density and its water retention 

capacity along the hillslopes (Davenport et al., 1998). Field observations and NDVI 

measurements (Rich et al., 2008) report important “green up” of the study basins 

immediately after die-off, coinciding with the first precipitation events. The death of one 

of the major tree species possibly led to abnormally high nutrient and light availability 

(Ricassi and Scanlon, 2009), such that the ecological response enhances the herbaceous 

population towards a rapid recovery of ecosystem productivity (Rich et al., 2008; Troch 

et al., 2009). This explosion of grassland increases soil storage capacity and reduces 

connectivity between bare patches reducing surface water runoff. It is thus important not 

only to understand the water use efficiency of the new dominant vegetation, but also how 

the new land cover structure affects the runoff mechanism that prevails after die-off. 

 

 This switch in dominant vegetation, from patchy woody vegetation to more 

uniform grassland cover, leads to a change in the dominant runoff mechanism as 

evidenced by the runoff generation curves (cumulative stream flow versus cumulative 

precipitation, Figure C 3). Hydrologic response at the midst of the drought (below 

average precipitation and discharge) was similar for all study basins: a sharp increases in 

discharge after minor early precipitation events or during spring snowmelt, as large 

fractions of the vegetation were either dormant or dead (Figure C 3A and B, thick black 

line). The year after die-off, response from a control basin falls back within the 95 

percentile response observed during the 1971-2000 period. Conversely, for the basin with 

die-off, the runoff generation curve shifts strongly to the right, suggesting a delay of 

runoff generation in the basin (Figure C 3B), and complying with the “green up” 

observed after die-off. This shift in the hydrologic regime (Figure C 3C) is explained by 

larger canopy interception and increased infiltration capacity of the soils, leading to 

higher plant-available water content, and decreasing infiltration excess surface runoff. 

Responses from 2002 and 2003 were compared to two years from the period 1971-2000 

with similar total volume and distribution of annual precipitation (Figure C 3). To 

quantify the difference between basin response during drought or die-off versus normal 
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years, we quantify the precipitation at the time when half of the annual discharge is 

generated. In the control basin, there is a very small difference between the before die-off 

years response and the recent drought response. However, in affected basins this 

difference is much larger (Figure C 3C).  

 

 There is growing evidence of increasing in tree mortality, not only in western 

United States but world-wide, during the last few decades (van Mantgem et al., 2009; 

Allen et al., 2009). There is also experimental evidence that tree mortality is exacerbated 

by higher temperature (Adams et al., 2009). It is of utmost importance to understand how 

eco-hydrological systems respond to these abrupt perturbations (Jones et al., 2009), as the 

increase in forest mortality is expected to continue, given that the underlying causes 

(climate-change-type droughts) are intensifying (Barnett et al., 2008). As the landscape is 

undergoing fundamental changes, our current understanding of landscape hydrologic 

response to climate variability is no longer adequate to assess climate change impacts on 

our natural water resources (Milly et al., 2008; Denman et al., 2007; CCSP 3.4, 2008). 

We should prioritize on strengthening a common theory coupling hydrological 

partitioning with vegetation dynamics (Jackson et al., 2009) within the framework of 

climate variability. Developing appropriate scientific methods to address this challenge is 

at the forefront of efforts facing the next generation of Earth system scientists (Caylor et 

al., 2009).  

 

 It is projected that by 2025, as much as 48% of the globe projected population 

will live in water-stressed river basins (Revenga, 2000). These semi-arid or arid 

environments already sensitive to changes in land cover, will most likely undergo drastic 

ecosystem perturbations as the frequency of severe droughts is expected to intensity 

(Barnett et al., 2008). Contrary to the current believe that woody species mortality leads 

to increase in water yield, we have shown here that in large-scale semi-arid ecosystems 

changes can lead to a considerable decrease in water yield, exacerbating the impacts of 
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drought on our water resources. Water managers should take such consequences into 

considerations when planning climate change adaptation strategies.  

SUPPORTING ONLINE MATERIAL (SOM) 
 

 

Hydrological and climatological data 

 Seven basins in the Four Corners Region of the Southwestern US were selected 

for this study (Figures C 1 and C S1). The outlets of the basins coincide with a long-term 

stream flow gauge maintained by USGS (Table C S1). Annual and monthly stream flow 

was computed using daily stream flow data. Monthly values were only considered when 

less than 5 days of data was missing. Daily precipitation was downloaded from the 

National Climatic Data Center (http://lwf.ncdc.noaa.gov/oa/ncdc.html). The closest 

climatic stations to the basins were selected to represent average climatic conditions 

(temperature and precipitation) for the entire basin (Table C S1). Hypsometric corrections 

were performed to account for changes in elevation for calculating basin mean 

temperature, but no for precipitation, where arithmetic averaging was used. When 

missing data was reported, additional surrounding climate stations were added, but never 

exceeding 15 miles away from the study basin. The study period is from 1971 to 2007/8 

(depending on basin stream flow data availability). When annual values are mentioned 

we refer to water or hydrologic years (October 1st to September 30th).  

Vegetation data 

 The extent of the Piñon-juniper woodland and other the vegetation present in the 

study area is based on the Southwest GAP analysis project (2003; 

http://earth.gis.usu.edu/swgap/). And it is from this data that we derived the main 

vegetation cover for each basin (Table C S1). The Drought Impacts on Regional 

Ecosystem Networks (DIREnet, www4.nau.edu/direnet/data/pinyon_index.html) has 

detailed maps of the die-off extension from 2000 to 2007. To compute the percentage of 

dead Piñons in each study basin, the DIREnet die-off maps have been overlaid with the 
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piñon-juniper extension from the 30m vegetation grid. Figure C S1 shows the extension 

of Piñon–Juniper woodlands in the four corner states, and Table C 1 the fraction of dead 

vegetation in each catchment.  

 

Methods 

 

 We performed a multiple regression analysis using the thirty years of the 1971-

2000 period for discharge, temperature and precipitation. From this analysis we derived 

relationships between basin discharge and temperature and precipitation (Table C S2). 

All the basins, except Pinos at Vallecito (PV), have a negative relationship between 

temperature and discharge. Also, most of the basins have a strong dependence of their 

discharge to temperature (Table C S2), except for Mancos basin (MN) that is not 

sensitive to temperature, and the Gila basins that show a mild dependence with 

temperature.  

 

 To isolate the effects of warming from the die-off effects for the period after 

2002, we predicted each basin discharge based on the multiple regression analysis and 

using the average precipitation and temperature after 2002. The RC after die-off due to 

warming was then calculated using the predicted discharge and the measured average 

precipitation (Table C S3, Figure C 2A).  

 

 We predicted the changes in discharge that we would have had if no warming 

would have occurred. To do so, we used the mean climatological temperature and the 

observed precipitation after die-off and used the multiple regression analysis to predict 

discharge. Using this discharge value we computed the RC for each basin and compared 

to the RC of the climatology. This ratio is on average 1.02 (Table C S3) for both basins 

with and without die-off.  
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Little Colorado River basin 

 The Little Colorado River is located in the Lower Colorado River basin, and 

comprises approximately 68,500 km2. The basin’s elevation ranges from 3,850 meters in 

the San Francisco Peaks to approximately 840 meters at the outlet. The Little Colorado 

receives as little as 36 mm of average seasonal total precipitation during the April-June 

season and as much as 127 mm for July-September. Average seasonal temperatures 

historically have ranged between 0.3 ºC for the December-February season and 20.8 ºC 

for June-August. Stream flow for the Little Colorado originates in eastern Arizona, and 

flows northwest for almost 507 km until meeting the Colorado River in the Grand 

Canyon (Figure C S1). The average yearly stream flow volume totals approximately 220 

million m3 with average seasonal rates being highly variable between 80 m3s-1 to 

essentially no flow. 

 

 Runoff coefficients from the Little Colorado River were not used to compute the 

linear regressions in Figures C 1 nor C 2. The change in ROC for the Little Colorado has 

been used as a means of validating these relationships at larger catchment areas.  
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TABLES 
 

Table C. 1: General characteristics of the study basins with observed runoff coefficients 
(RC) before and after die-off.  

  Observations 
  

Runoff Coefficient (RC) RCAfter die-off 
/RCClimatology 
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 (m
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 (o C
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Climatology 
(1971-2000) D

ie
-o

ff
 

After 
die-off 

t-t
es

ti  (%
) 

Average  
after die-

off 

t-test 
(%) 

MN 20.8 1,362 480 39 9.3 0.075 0.013 0.047 95 
OC 18.6 1,085 323 60 9.5 0.183 0.036 0.123 95 
PL 16.3 1,510 218 20 11.3 0.085 0.075 0.018 95 D

ie
-O

ff
 

DO 11.2 5,555 320 67 11.7 0.196 0.021 0.088 95 

0.53 
(0.35) 

PV 0 768 705 473 5.6 0.664 0.323 0.659 < 
20 

GG 0 12,504 597 37 9.9 0.058 0.032 0.066 20 

N
o 

D
ie

-O
ff

 

GR 0 18,977 486 32 10.9 0.062 0.028 0.059 < 
20 

1.02 
(0.38) 

99.9 

i t=test comparing RCClimatology and RCafter die-off 
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Table C. S1: Basin characteristics complementing Table 1 in the main text. 

USGS Gauge Stations1 Lat / Long Climate Stations 
NCDC Coop ID2 

Elevation 
Range (m) 

% Dominant 
Land Cover 

Los Pinos River (PV) 
(USGS 09352900) 37°28'39" 107°32'35" Vallecito Dam 058582 

Lemmon Dam: 054934 1874 - 4288 25% S028, 15% S030, 11% S081 

Rio Ojo Caliente (OC) 
(USGS 08289000) 36°20'59.07" 106°02'39.07" 

El Rito: 292820 
Tres Piedras: 299085 

Espanola: 293031 
Ghost Rch: 293511 

1940 - 3298 41% S036, 20% S038 

Mancos River (MN) 
(USGS 09371000) 

37°01'39" 
108°44'27"  

Mancos: 055327 
Mesa Verde: 055531 

Cortez: 051886 
1537 - 4035 45% S039, 8% S036 

La Plata River (PL) 
(USGS 09367500) 36°44'15.27" 108°15'01.21" 

Farmington: 293142 
Fruitland: 293340 

Farmington: 2/4 NE: 293134 
Bloomfield 3 SE: 291063 

1593 – 4009 43% S039, 14% S054 

Dolores River (DO) 
(USGS 09171100) 

38°21'25" 
108°49'58" 

Bedrock: 050581 
Paradox: 056315 
Uravan: 058560 

1500 – 4332 27% S039, 13% S046 

Gila River (at Gila) (GG) 
(USGS 09430500) 33°03'41.41" 108°32'14.59" MOPEX3 1418 – 3314 55% S036, 22% S039 

Gila River (at Redrock) (GR) 
(USGS 09431500) 32°43'37" 108°40'32" MOPEX 1246 - 3317 42% S036, 19% S112 

Little Colorado river  
(USGS 09402000) 35°55'35", 111°34'00" PRISM4 830 - 3850 31% S039, 16% S079 

1http://waterdata.usgs.gov/nwis/rt 

2http://lwf.ncdc.noaa.gov/oa/climate/stationlocator.html 
3http://www.seas.ucla.edu/~thogue/MOPEX/ 
4http://www.prism.oregonstate.edu/
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Table C. S2: Results from the multiple regression analysis relating temperature, 
precipitation and discharge. The values shown represent the slope of the regression with 
each variable. The R2 and the significance of the trend (p) are also represented.  

 
Slope 

precipitation 
Slope 

temperature 
R2  p 

Temperature 
climatology 

Temperatur
e 

alter die‐off 

Change in 
temperature 

MN  0.17  0.1  0.63  2.4 10‐6  9.3  9.8  0.5 
OC  0.15  ‐17.1  0.35  3.2 10‐3  9.5  9.9  0.4 
PL  0.12  ‐4.8  0.36  2.2 10‐3  11.3  11.7  0.4 
DO  0.32  ‐23.5  0.56  3.7 10‐5  11.7  12.3  0.6 

PV  0.79  23.9  0.77  2.7 10‐9  5.6  6.4  0.8 

GG  0.12  ‐3.1  0.67  2.6 10‐7  9.98  9.84  ‐0.14 

GR  0.13  ‐5.9  0.61  3.5 10‐6  10.93  10.82  ‐0.11 
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Table C. S3: Simulated RC when using the multiple regression analysis.  
 

 
Runoff 

Coefficient (RC) 
RCafter die‐off/RCclimatology 

Runoff 
Coefficient 

(RC) 
RCafter die‐off/RCclimatology 

  After die-off 
QSim,TObs,PObs 

t-testi 

(%) 

Average 
after 

die-off 

t-test 
(%) 

After die-off 
QSim,TClima,PObs 

t-testi (%) 
Average 

after 
die-off 

t-
test 
(%)

MN 0.075 <90/90 0.07 <90/90ii 
OC 0.159 <90/80 0.179 <90/95ii 
PL 0.080 <90/95 0.090 <90/99.9ii D

ie
-O

ff
 

DO 0.161 <90/90 

0.90 
(0.23) 

0.210 <90/99 

 
1.02 

(0.16) 

PV 0.659 < 20 0.662iii <90/<90 

GG 0.066 20 0.066 20 

N
o 

D
ie

-O
ff

 

GR 0.059 < 20 

1.02 
(0.38) 

70 

0.059 < 20 

1.02 
(0.38) 

 
 
 

<< 
20 

 
 
 

i PV has an important increase in temperature. Removing the effect of the temperature, 
makes that the RC is more similar to the climatology RC.  
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Figure C. 1: Decreasing water yield (streamflow to precipitation ratio compared to 
average value before die-off) in function of aerial fraction of dead vegetation. The trend 
(y = 1 - 0.028*x; black line) is statistically significant at 95% confidence level and the 
explained variance is 57%. The number under the basin initials indicates the ratio of 
precipitation during the number of years (given in parentheses) after die-off and the 
average precipitation during 1971-2000. The dashed grey lines represent the literature 
derived trends of changes in water yield when shrubs (Bosch and Hewlett, 1982) and 
piñon-juniper (Collins and Myrick, 1966; Hibbert 1983; Bosch and Hewlett, 1982) are 
disrupted in a catchment. The insets show the locations of the basins, together with in 
grey: the extension of the Pinyon pine – Juniper ecosystem (GAP analysis project (2003); 
http://earth.gis.usu.edu/swgap/) and in red: the extent of the 2002 die-off (The Drought 
Impacts on Regional Ecosystem Networks (DIREnet, 
www4.nau.edu/direnet/data/pinyon_index.html). The water yield reduction for the Little 
Colorado (LC) is also plotted, but was not used to derive the linear trend statistics. The 
location of this basin and its characteristics are given in the online documentation.  
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Figure C. 2: (A) Decreasing water yield in function of increasing temperature after die-
off compared to the climatology. The trend (black line) is statistically significant at 96% 
confidence level and the explained variance is 67%. The die-off effect has been removed 
by using a multiple regression model to relate discharge to temperature and precipitation 
(grey symbols). The grey line shows the linear trend assuming no die-off. (B) Percentage 
decrease in water yield with and without die-off under current temperature sensitivity. 
The observed change in water yield for the Little Colorado Basin (LC, only 3% die-off) 
aligns with the modeled die-off free trend. 
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Figure C. 3: Stream flow generation curves. In thick red: stream flow generation curve 
during the peak die-off year (2002); in thick blue: stream flow generation curve during 
the year following die-off (2003). The thin lines represent stream flow responses during 
years before die-off with similar total precipitation and seasonal distribution compared to 
the die-off year (2002; thin red) and post die-off year (2003; thin blue). The shaded area 
shows the stream flow generation curves during 1971-2000 (climatology) at 95% 
percentiles. (A) Stream flow generation curves for PV (Table S1). (B) Stream flow 
generation curves for MN (Table S1). (C) Bar plot showing the fraction of annual 
precipitation needed to generate half of the yearly discharge. In the control basin, half of 
the total annual discharge was generated with 33% of the total precipitation, compared to 
62% the year after die-off. In the die-off basin, half of the yearly discharge was generated 
with only 28% of the yearly precipitation for the die-off year while for the year after die-
off, the basin needed 87% of the total precipitation to generate half of the annual 
discharge. This observation contrast notably with the climatological record of 67%.  
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Figure C. S1: Four corners region in southwest USA. Dark grey: Upper Colorado Basin; 
green: piñon-juniper woodland; red: piñon pine die-off. The contour black lines delineate 
the eight basins used in this study (7 basins plus the Little Colorado): PV: Los Pinos 
River at Vallecito dam; OC: Ojo Caliente River; MN: Mancos River; PL: Plata River; 
DO: Dolores River; GG: Gila River at Gila; Gila River at Redrock; LC: Little Colorado 
River. 

 




