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Key points: 18 

1. Cumulative water yield over cumulative precipitation is shown to provide a sensitive 19 

method for detecting land use changes on water yield.  20 

2. The water yield of a forested watershed in upper Laos to the Mekong River was shown to 21 

decrease by 42% (for cut area 50%) from 1985 for 10-12 years.  22 

3. There is no public record of the event, but we calculate that 75-80% of the virgin forest on 23 

the watershed (about 60 million ha) was cut in one year. 24 

  25 
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ABSTRACT 26 

In most, but not all of the scientific literature, cutting of forested watershed results in an 27 

increase in the water yield of a watershed.  In this study, a double-mass plot of the cumulative 28 

monthly flow of water between 1961 and 2000, from a 79,000 km2 (7.9 million ha) forested 29 

watershed feeding into the Mekong River, on cumulative monthly precipitation over the same 30 

period, was used to demonstrate a significant decrease in the water yield in 1985.  For 10-12 31 

years after 1985, the total water yield from the watershed decreased by 42% (256 mm) while 32 

the late (March and April) dry-season flow decreased by almost 80%.  From the changes in 33 

water yield and an understanding of the local hydrology, we calculated that 75-80% of the 34 

forested area was cut, i.e. more than 6 million ha, implying that the decrease in total water 35 

yield from the area of the forest that was actually cut, was just over 50%, while the late dry-36 

season flow from the same area was virtually eliminated.  We consider that the main reason 37 

for the reduction in water yield, after the forest was cut was an immediate increase in dry-38 

season transpiration by the remaining old forest, newly-exposed understorey and regrowth 39 

vegetation, all of which were considered to be accessing groundwater in the regolith. The 40 

amount of groundwater accessed was sufficient to allow the cut forest to lose water at the 41 

potential rate over the whole year. We conclude that restoration of the watershed water flows 42 

resulted mainly from forest regrowth.  43 

 44 

Index terms. 1804, Hydrology; 1879, Watershed; 1860, Streamflow; 1829, Groundwater 45 

hydrology. 46 

 47 

Keywords.  Deforestation; groundwater; land use; Lao Peoples Democratic Republic; 48 

recharge; soil water storage.  49 

 50 
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1. Introduction 51 

 52 

The Mekong River flows from its headwaters in the Tibetan mountains of China, through 53 

Myanmar, Laos, Thailand, Cambodia into Vietnam, where it flows into the South China Sea.  54 

It is the 10th largest river in the world in terms of annual flow of about 15,000 km3 (Hecht et 55 

al., 2019; Spruce et al., 2020). With a watershed of about 795,000 km2, supporting a 56 

population of above 75 million that is expected to increase to over 100 million by 2050 (Varis 57 

et al., 2012), there is considerable interest in the efficient use of this water resource for 58 

hydropower, agriculture, fisheries, light industry and potable water. The development of 59 

dams, climate change and land-use change along the Mekong River has led to several 60 

attempts to determine the consequences of these interventions on the water yield and water 61 

flows of the river (Lyon et al., 2017: Li et al., 2017; Pokhrel et al., 2018; Hecht et al., 2019). 62 

The flow of the Mekong River in the lower Mekong Basin is largely influenced by the 63 

South-east Asian Monsoon when the south-west monsoon brings a humid air mass from the 64 

Indian Ocean over the Basin. This results in a wet season of high river flows of more than 65 

30,000 m3 s-1 near the mouth from June to October and low flows of less than 2000 m3 s-1 in 66 

the dry season from November to May (Pokhrel et al., 2018).  A comparison by Pokhrel et al. 67 

(2018) of the monthly flows at five gauging stations along the Mekong River showed that the 68 

wet season flows increased between the decade from 1982-1992 to the decade from 1993-69 

2004. However, Lyon et al. (2017) found no change on average in the water flows of 33 70 

smaller watersheds or sub-watersheds in the lower Mekong Basin over the last 50 years, 64% 71 

showed no change in the water flow, while 21-24% showed an increasing trend and 12-15% 72 

showed a decreasing trend in water flow. It is not clear whether the observed changes arise 73 

from the variation in climate, particularly precipitation, or land use change.  74 
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Since the 1980s there have been a number of models developed to simulate and 75 

demonstrate an understanding of the hydrological processes involved in the flows and water 76 

yield of the Mekong River (Johnston and Kummu, 2012; Mouche et al., 2014; Lyon et al., 77 

2017; Pokhrel et al., 2018). However, Pokrel et al. (2018) suggest that the paucity of 78 

observed data limits the calibration and evaluation of the models. While the role of climate 79 

change and diversion of flows for agricultural and industrial use are topical issues, in this 80 

paper we concentrate on the variation in water yield from 1961-2000 of a watershed of the 81 

lower Mekong River located primarily in the People’s Democratic Republic of Laos. We use 82 

a simple measure, the cumulative water yield plotted on cumulative precipitation (Searcy and 83 

Hardison, 1960), to identify a large land-use change in 1985 that persisted for over a decade 84 

and occurred prior to the more recent development of several dams along the upper Mekong 85 

and before major changes in climate were observed.  86 

Although the flow of the Mekong River has been recorded since 1913 to provide data 87 

to ensure the equitable sharing of this water resource between the countries through which it 88 

flows, there has been little success in formally determining the relationship between water 89 

yield and forest/land cover in the Mekong Basin (Mekong River Commission, 2005) because 90 

of the very large variation in the flow record arising from the variation in precipitation and 91 

the lack of knowledge on the water use of the various land covers across the basin.  92 

According to the Lao Ministry of Natural Resources and Environment, in the late 1960’s the 93 

amount of evergreen forest in Laos was 17 million hectares, but by 2002 the area of 94 

evergreen forest had declined to 9.7 million hectares, a decrease of 7.3 million ha or 43% of 95 

the original forested area (Thomas, 2015). A land use map for 1997, near the end of the focus 96 

period of the present study, showed that the majority of the focus watershed in Laos was 97 

covered by evergreen forest, with small areas of shifting agriculture (also known as slash-98 

and-burn agriculture and swidden agriculture), while lower areas in Thailand had been 99 
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converted to permanent crops with remnants of shrub vegetation (Spruce et al., 2020). There 100 

are no public records of logging in Laos in the 1980s as far as we are aware.  However, we 101 

consider that the marked land use change observed in 1985 must have been the result of 102 

logging of the evergreen climax forest. 103 

The consensus of extensive research in controlled watershed studies is that harvesting 104 

trees causes an increase in total watershed water yield, with the greatest proportional increase 105 

occurring in low flow periods (Gilmour, 2014, quoting Bosch and Hewlett, 1982, 106 

Andréassian, 2004, Scott et al., 2005, Landsberg and Gower, 1996; Zhang et al., 1999). 107 

Contrary to this, Gilmour (2014) reported that there is widespread belief in South-East Asia 108 

that “harvesting timber from forested watersheds and clearing forests causes wells, springs 109 

and streams to cease flowing, and that, conversely, reforesting bare hillsides will cause water 110 

to reappear in wells, springs and streams (Hamilton, 1985).” This popular belief is based on 111 

an analogy of forests as “sponges” that soak up water during wet periods and release it slowly 112 

over the dry season. This implies that forested watersheds absorb virtually all the incipient 113 

precipitation and release it slowly into streams during the year (Gilmour, 2014).  These 114 

regional beliefs are supported to some extent by studies that have shown that the water yield 115 

of Eucalyptus watersheds decreased after regrowth forest was established (Langford, 1976, 116 

Kuczera, 1987, Vertessy et al., 1998, Buckley et al., 2012).  Thus, there is considerable 117 

uncertainty on the influence of forest management on the water yield of the Mekong River 118 

watersheds with climax evergreen forest cover.  119 

This study is limited to the interpretation of hydrological flow data compiled by the 120 

Mekong River Commission between 1960 and 2000 for the watershed between Luang 121 

Prabang (LP) and Chiang Saen (CS), abbreviated to LP-CS watershed.  The primary 122 

scientific objective of the study was to examine the extent to which changes in land use over 123 

time are detectable by double-mass plots of water yield on precipitation (Searcy and 124 
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Hardison, 1960) and to measure the associated changes in water yield flowing to the Mekong 125 

River. The second objective was to determine the proportion of the watershed over which the 126 

land-use change was observed.  This is necessary to calculate the actual change in water yield 127 

from the particular land use change of interest.    128 

We hypothesise: (1) that double-mass plots of water yield on precipitation can detect 129 

relatively small land-use and non-climate related changes in forested watersheds; (2) that as 130 

observed in many watersheds, cutting of climax forest increases the water yield of the 131 

watershed; and (3) the area of cut forest can be estimated from the changes in water yield and 132 

an understanding of the local hydrology.   133 

 134 

2. Methods 135 

 136 

2.1 Overview 137 

 138 

The study focuses on the flow of water from the watershed bounded by smaller watersheds 139 

feeding into the Mekong River upstream of the monitoring station at Luang Prabang (LP) and 140 

downstream of the monitoring station of Chiang Saen (CS) in the People’s Democratic 141 

Republic of Laos (Laos). This watershed, referred to as the LP-CS watershed, essentially 142 

covers the uplands of the Laos, while about 20% is largely upland terrain in Thailand (Figure 143 

1). The watershed and its component sub-watersheds between Chiang Saen and Luang 144 

Prabang cover an area of 79,000 km2 (7.9 million ha), and is generally mountainous. The 145 

soils are shallow, generally less than 0.5 m deep though there are some flat areas where the 146 

soil depth is about 0.75 m deep (Pelletier et al., 2016). The soil is underlain by a permeable 147 

regolith consisting of weathered rock.  The data set published by Pelletier et al. (2016) 148 

provide “high-resolution estimates of the thickness of the permeable layers above bedrock 149 
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(soil, regolith, and sedimentary deposits) within a global 30-arcsecond (~ 1 km) grid using 150 

the best available data for topography, climate, and geology as input.” The dominant 151 

thickness of the regolith over the LP-CS watershed is 50 m. The FAO soil classification for 152 

the watershed is various types of Accrisol, implying the widespread existence of a well-153 

defined B horizon.  The A horizon soils consist of sandy to loamy silty clay soils overlying a 154 

B horizon of clay, with an available soil water content from 10% (sandy) to 20% by volume 155 

(Kramer, 1983). The average dry-season maximum soil moisture deficit for almost all the 156 

soils covering the watershed is estimated to be in the range of 50-100 mm. 157 

[Figure 1 about here] 158 

The vegetation at the beginning of the study period (1960) was assumed to be largely 159 

evergreen climax forest with small areas cleared for shifting agriculture. In 1997 this was still 160 

the case in Laos, but approximately 50% of the watershed in Thailand had been cleared and 161 

converted to permanent crop land (Spruce et al., 2020). However, in the subsequent thirteen 162 

years to 2010, almost all of the watershed in Thailand had been converted to permanent 163 

cropland, while further clearing had occurred in Laos and resulted in a conversion to slash-164 

and-burn croplands and shrubland (MRC website seminar accessed in 2008; Spruce et al., 165 

2020). Today about half the area in Thailand is agricultural land, while the remainder 166 

including the rest of the watershed in Laos is mainly covered by degraded forest/shrubs and 167 

shifting agriculture (Google Earth).  168 

 The double-mass plot of cumulative river flow over a fixed period (1960 to 2000) 169 

against cumulative precipitation over the same period was used to assess whether land use 170 

changes over that period could be detected and whether they affected the water yield of the 171 

LP-CS watershed (Searcy and Hardison, 1960).  A straight line of constant slope indicates a 172 

constant land use despite the variability in annual precipitation and river flow. The slope of 173 

this regression multiplied by mean annual precipitation gives the average water yield of the 174 
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landscape. A change in slope of such a plot may indicate (1) a change in land use, (2) a 175 

variation in the exposure of the rain gauge, (3) a change in the calibration of the river gauges 176 

used to obtain the flow record, or (4) the capture of water in a reservoir for other use such as 177 

irrigation or reticulation outside the watershed (Searcy and Hardison, 1960).  Based on the 178 

tests for homogeneity of the Lao precipitation record, enquiries of the Mekong River 179 

Commission from whom the data was obtained, and an aerial “Google Earth” survey of the 180 

watershed, we conclude that any changes in slope observed in this study were the result of 181 

land-use change and not any of the other factors. As far as is known, there are no public 182 

records of logging over the study period, but we conclude that changes in the slope of the 183 

relationship between cumulative water yield and cumulative precipitation are the result 184 

primarily of logging of the forest and, to a much smaller extent, due to partial clearing of 185 

small areas of forest for shifting cultivation. Moreover, there is no extensive land conversion, 186 

other than logging, that could possibly be detected in a double mass plot over the small time 187 

scale of a year observed after 1985.   188 

  189 

2.2 Data 190 

 191 

The continuous daily flow records of the Mekong River at the monitoring stations of Chiang 192 

Saen (1961-2000) and Luang Prabang (1950-2000) and daily evaporation (1989-2000) were 193 

obtained from the Lao National Mekong Committee in 2003 and are now available from the 194 

Mekong River Commission data portal (https://portal.mrcmekong.org/home (accessed in July 195 

2020).  To obtain the flow for the LP-CS watershed, monthly values of the flow recorded at 196 

Chiang Saen were subtracted directly from the monthly Luang Prabang flow record and 197 

accumulated to give the annual values. Dry-season flow, referred to as baseflow and defined 198 
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by the Mekong River Commission as flows from November to May inclusive, and late dry-199 

season flow, the sum of flows for March and April, were also calculated.   200 

Daily Precipitation records from Chiang Rae (1913-2000) and Luang Prabang (1950-2000) 201 

were downloaded from the US “Climate Data Online” repository of the US National Oceanic 202 

and Atmospheric Administration (https://www.ncdc.noaa.gov/cdo-web/search accessed in 203 

July 2020). Daily precipitation at Luang Prabang was recorded and summed to give monthly 204 

and annual precipitation. To test the homogeneity and accuracy of the precipitation record for 205 

Luang Prabang, double-mass plots of cumulative precipitation at Luang Prabang were 206 

compared against the downloaded records of precipitation at Chiang Rae, Vientiane and 207 

Udon Thani located 50 km SE of Vientiane. In all the tests, the double-mass plots were linear 208 

indicating that the precipitation record at Luang Prabang can be assumed to be accurate and 209 

homogenous (Searcy and Hardison, 1960). The average annual precipitation at Luang 210 

Prabang (1950-2000), located on the southern boundary and at a low altitude relative to the 211 

elevation of the majority of the watershed, was 1263 mm (Table 1). The precipitation 212 

(exclusively rainfall) isohyets in Figure 1, taken from Basanayake et al. (2006), indicate that 213 

the annual average precipitation over the watershed varied between 1400 and 2000 mm.  214 

As a check on the veracity of the data, monthly pan evaporation data was also obtained from 215 

the Lao Department of Hydrology and Meteorology. Annual potential evaporation (PET), the 216 

same as the Penman-Monteith Reference Evaporation (Penman, 1954, Monteith, 1965), was 217 

obtained from the Global Potential Evapotranspiration (Global-PET) dataset of the CGIAR 218 

Consortium for Spatial Information (https://www.nature.com/articles/s41597-022-01493-1) 219 

accessed in July 2022). Annual PET ranged between 1360 and 1720 mm over the watershed 220 

with an average annual value 0.98 times the annual pan evaporation recorded at Luang 221 

Prabang.     222 
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Pan evaporation is normally about 80% of the Reference Evaporation (Allen et al., 223 

1998), but the albedo of forest is generally 10-15% less than for the reference surface of well-224 

watered grass (Betts et al., 1997), increasing the available energy over the forest by about 225 

15%.  Therefore, monthly pan evaporation at Luang Prabang was used as the measure of 226 

potential evaporation of the forest covering the LP-CS watershed.   227 

  228 

2.2 Theory 229 

 230 

In this section we describe the processes that determine the water loss from forests in the 231 

region and quantify them in terms of equations that we can use to estimate the fraction of the 232 

forest that was cut and the evapotranspiration from cut forest over the dry season. We need to 233 

write and derive these equations in terms of variables that we can either obtain from the 234 

available data or that we can estimate.  We pre-empt the development of the theory below, 235 

with the fact that the double-mass plots indicated that the water yield from the cut forest was 236 

less than from the virgin forest. 237 

The flows into the Mekong River, from the watershed of interest, reflect the input of 238 

precipitation and losses by transpiration. interception and subsequent evaporation, water 239 

entering and leaving the soil profile, and changes in groundwater storage on the watershed. 240 

These components can be combined into a water budget for an area of watershed discharging 241 

water into a river over a certain time:  242 

P = F + ET + ΔS + G      (1). 243 

where, P is precipitation, F is the flow into the river, ET is the evapotranspiration, ΔS and G 244 

are changes in soil water content and groundwater storage on the watershed, respectively. 245 

The driving force for these water flows is the radiant energy impinging on the watershed.  We 246 

have no data on the partitioning of this radiant energy into sensible heat, evapotranspiration 247 
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and thermal energy absorbed by the vegetation and soil except that we can assume that in the 248 

wet season, with temperatures in excess of 30 oC (see Penman-Monteith equation for 249 

evaporation) and for a time scale in months, sensible heat losses are very small, especially 250 

when the canopy is wet and the surface resistance to vapor transfer into the atmosphere 251 

becomes negligible (Waggoner et al., 1969). This is confirmed by Kumagai et al. (2005) who 252 

measured evapotranspiration from a Bornean tropical rainforest during the wet season using 253 

eddy correlation techniques and obtained daily energy budgets that demonstrated that in wet 254 

periods the daily latent heat flux (evapotranspiration) averaged in excess of 90% of the net 255 

radiation. Thus, under wet conditions we assume that most of the net radiant energy was 256 

partitioned into evapotranspiration. 257 

Both land surfaces before and after cutting would have been essentially saturated 258 

during the wet season, and freely transpiring and evaporating, but we observed that annually 259 

the cut forest used more water than the virgin forest and so the question arises whether the cut 260 

forest was receiving advected energy from the SW monsoon during the wet season in 261 

particular? However, both surfaces were very extensive (300 km across) compared with the 262 

thickness of the atmospheric boundary layer. Lateral advection of energy into forests, though 263 

it occurs in less extensive forests is not expected over such an extensive area as the LP-CS 264 

watershed (Morton, 1984). However even if it did exist at this scale, it is difficult to explain 265 

why the cut forest would interact more intimately with the atmosphere, drawing more energy 266 

from the atmosphere, than a tall virgin forest. We would expect the opposite. Thus, we can 267 

assume that over the wet season, the potential evaporation for the cut forest was the same as 268 

that for the virgin forest. 269 

 270 

2.3. Estimate of watershed area subjected to land-use change (cutting of the forest) 271 

 272 
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If the land use of a unit area of forest with an initial annual flow rate of F1 is changed by the 273 

fraction “a” to another land use (cut forest) from which the flow rate is Fc, the water yield 274 

from the cut area is aFc.   Similarly, that from the uncut area is (1-a) F1. Adding the two 275 

partial flows together and dividing by the unit area, gives the flow rate from the original unit 276 

area that was partially cut, namely F2. That is: 277 

 F2 = (1- a) F1 + aFc      (2) 278 

where Fc is the flow rate from the partially cut forest.    Rearranging this equation yields:  279 

  a = (F1-F2)/(F1-Fc)     (3) 280 

Equation 3 applies to annual and seasonal flows (after changing the variable names) and 281 

allows the estimation of “a” from an estimate of flow rate from a cut area Fc, as F1 and F2 are 282 

already known.   283 

We consider now how to estimate Fc.  With reference to Equation 1, the annual water 284 

budget for the cut area is: 285 

Fc = P – (ETc + ΔSc)      (4) 286 

where P is the annual precipitation, ETc is the annual evapotranspiration from the cut area 287 

and ΔSc is the total change in stored water (soil moisture and groundwater) over the dry 288 

season for the cut forest.  The energy budget for the surface implies that the term in brackets 289 

will be less than the annual potential evaporation.   We obtain a maximum estimate of this 290 

bracketed term by putting it equal to the annual potential evaporation Ep. which we know 291 

(Table 1), giving us a minimum value for Fc. 292 

To obtain this minimum estimate of Fc for the cut area from Equation 4, we also need 293 

an accurate estimate of P for the whole watershed as we know that the isohyets in Figure 1 294 

are only indicative because there are so few rain gauge stations in Northern Laos. To obtain 295 

an estimate of P from the water budget for the forest before cutting we assume that during the 296 

wet season evapotranspiration from the wet forest was equal to pan evaporation.  Note that 297 
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pan evaporation for any given period varies much more conservatively across the landscape 298 

under consideration than precipitation in the region under study. Therefore, we can say that 299 

before cutting the annual water budget for the uncut area is: 300 

P = F1 + Epw + Pd + ΔS     (5) 301 

where Epw is pan evapotranspiration (≅PET) over the wet season and Pd is the precipitation 302 

over the dry season. 303 

Substituting Pd = kP into Equation 5 where k is the ratio of the dry-season to total 304 

annual precipitation for the whole watershed, assumed to be equal to k at Luang Prabang, and 305 

rearranging the terms, we get annual precipitation expressed in terms of data (except for ΔS) 306 

that can be obtained from the weather station and flow gauge at Luang Prabang. i.e.  307 

P = (F1 + Epw + ΔS)/(1 - k)     (6)  308 

Having derived P we can now substitute its value into Equation 4 to obtain a 309 

minimum estimate of Fc and thence into Equation 3 to obtain a minimum estimate for “a”.  310 

We assume that the factors controlling the soil moisture deficit before and after cutting the 311 

forest remain the same and thus ΔS does not change after cutting.  The additional water 312 

uptake from the cut forest must then be given by Gc/a mm, where Gc, the total groundwater 313 

uptake,, equal to the difference in measured flows.  (Note that it does not matter here if part of 314 

the groundwater uptake is actually from the unsaturated zone).  The total dry season 315 

evaporation Edc, for the cut area is then:   316 

 Edc = Pd + ΔS + Gc /a       (7) 317 

from which we obtain on substituting Epd ≥ Edc into Equation 7, a second estimate of “a”: 318 

     319 

a ≥ Gc /(Epd - ΔS - Pd)      (8) 320 

  321 
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   322 

 3. Results  323 

 324 

The mean annual precipitation at Luang Prabang for the 40 years between 1961 and 2000 was 325 

1263 mm while the mean annual pan evaporation (1984-2000) was 1562 mm (Table 1). The 326 

wet-season (June to October, as defined by the Mekong River Commission) precipitation of 327 

923 mm was much higher than the dry-season (November to May) precipitation of 341 mm, 328 

while the reverse was true for pan evaporation with the dry-season evaporation of 909 mm 329 

compared with the wet-season evaporation of 653 mm (Table 1).  330 

 331 

[Table 1 about here] 332 

 333 

The double-mass plot of cumulative flow versus cumulative precipitation for the LP-334 

CS watershed (Figure 2) showed minor variations in slope over the period from 1960 to 1975, 335 

a steady linear increase between 1976 and 1985, and a significant and sudden change in the 336 

slope of the relationship between cumulative water flow or water yield and cumulative 337 

precipitation from 1986 to 1995. From 1995 to 2000 the trend depicts a gradual return to the 338 

rate of increase that was measured from 1976 to 1985 (Figure 2). The slope of the LP-CS 339 

double-mass plot over the 10-year span from 1976 to 1985 (S1) was 0.44 ± 0.005 and that for 340 

1986-1995 (S2) was 0.29 ± 0.006, where the errors are one standard deviation of the mean 341 

slope. The relative errors observed, implies that we can estimate the flow from the LP-CS 342 

watershed over a decade, using a linear double mass plot, to 95% precision of about ±3%. 343 

Mean annual precipitation at Luang Prabang over this 20-year interval was 1390 mm, 127 344 

mm higher than the 40-year mean in Table 1.  The mean annual flow from 1976-1985 was 345 

607 ± 7 mm and from 1986-1995 was 351 ± 8 mm, a reduction in flow of 42% or 256 mm 346 
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(Table 1). The 1996-2000 record shows a recovery in flow so that the average flow for that 347 

period was only 9% lower than for the period from 1975 to 1985 (Figure 2). 348 

 349 

[Figure 2 about here] 350 

 351 

The seasonal variation in the mean monthly precipitation and river flow for the period 352 

from 1976 to 1995 reached a maximum in August in the middle of the wet season (Figure 3; 353 

Table 1).   However, the onset of the wet season flow lagged the increase in precipitation by 354 

about 4 months both before and after the change observed in 1985, implying that both before 355 

and after 1985, the higher precipitation late in the dry season and the precipitation early in the 356 

wet season was being used to relieve water deficits in the watershed generated over the 357 

previous dry season before significant flow into the Mekong could occur.  However, after 358 

1985 the delay later in the wet season flow was even greater and the flow into the Mekong 359 

was less. 360 

After 1985, the large absolute reductions in flow into the Mekong River occurred 361 

primarily from August to October (Figure 3) when the watershed soils were likely saturated 362 

and also, throughout the dry season (November to May). The relative decrease in the dry-363 

season flows of 49% from 148 mm down to 76 mm (Table 1) was greater than the 42% 364 

decrease in total flow (Table 1, Figure 3). Furthermore, the relative reduction in the late dry-365 

season flow (March and April) of 77% was even greater following the change in land use in 366 

1985 (Figure 4). However, the recovery in the late dry-season flow occurred much earlier, 367 

within about 5 years (Figure 4), compared with more than 12 years required for the recovery 368 

of the total flow (Figure 2).  369 

Plotting the cumulative wet season (June-October) flow and the April (late-season) 370 

flow, normalised with respect to the sum of the cumulative flows between 1976 and 1985, on 371 
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cumulative precipitation for the appropriate months (Figure 5) shows their relative responses 372 

(as determined from the slopes of these curves). The greater reduction in late-season flow 373 

than wet-season flow was evident in 1986, indicating that the land use changed within a 374 

single year.   375 

 376 

[Figure 3 about here] 377 

[Figure 4 about here] 378 

 [Figure 5 about here] 379 

 380 

The annual flows into the Mekong River, both pre- and post-1985, are considerably 381 

lower than the annual precipitation (Table 1). This is also true of flows in the wet season 382 

(Figure 3). They reflect losses by transpiration, interception and subsequent evaporation, and 383 

water entering and leaving the soil. To maintain a constant energy use over the wet season 384 

before and after 1985, we consider that the observed reduction in wet-season flow after 1985 385 

(Figure 3) was primarily due to groundwater storage, or possibly an increase in unsaturated 386 

soil water storage above ΔS, that was depleted over the following dry season. Note that the 387 

magnitude of this annual change of water in storage for the area of the forest actually cut is 388 

the total reduction in observed flow of 256 mm (Table1) divided by “a” mm.    389 

 It is in the saprolite or similar of the weathered zone just below the soil layer that we 390 

propose the bulk of groundwater accessed by the cut forest, is stored. Assuming that 391 

groundwater uptake by the vegetation after cutting removes all the moisture from the 392 

capillary fringe of the groundwater held there by matric suction, the minimum change in 393 

depth of this lowered groundwater surface in the cut area is given by the change in stored 394 

precipitation (256/a mm) divided by the porosity of the aquifer. In a mature weathered profile 395 

of mountainous terrain in the tropics the expected bulk densities in the soil horizons are in the 396 
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range of 1-1.2 g/cm3, grading with depth into saprolite, or similar (Hayes et al., 2019) of bulk 397 

density in the range of 1.5-1.7 g/cm3, equivalent to a porosity of about 0.4 (Anderson et al., 398 

2002: Morris et al., 1967).  Thus, the minimum seasonal change in the average level of the 399 

groundwater in the cut area as a result of the uptake of groundwater, as distinct from lateral 400 

drainage to supply the dry-season flow, which must also be superimposed on it, is about 0.8 401 

m. Adding to this, the fall in levels due to the dry-season discharge of about 80 mm gives a 402 

total minimum predicted average fall in groundwater level in the cut forest over the dry 403 

season of about 1.0 m for the cut forest compared with a fall of only 0.4 m for the virgin 404 

forest.   405 

With reference to Equation 6, the estimate of precipitation for the watershed, by 406 

taking k = Pd/P = 0.27 (Table 1) and setting the soil water deficit initially ΔS = 100 mm, gives 407 

an estimate of the annual average precipitation (P) for the watershed of 1862 mm.  If ΔS = 50 408 

mm, then the annual precipitation for the watershed is 1794 mm.  Thus, the average annual 409 

precipitation for the whole watershed is estimated from our two assumed values of ΔS, to be 410 

slightly more than 1800 mm which is broadly consistent with the isohyets given in Figure 1.  411 

From the estimate of P for the whole watershed we can now use Equation 4 to estimate the 412 

flow from the cut area Fc and then the value of cut area “a” from Equation 3. A minimum 413 

value of “a” is obtained using a minimum estimate of the flow from the cut forest, Fc.  The 414 

minimum value for Fc, in turn, is obtained from Equation 4, assuming the total annual 415 

evapotranspiration from the cut forest ETc is equal to the annual pan evaporation (i.e., the 416 

available energy for evaporation over the whole year = pan evaporation = 1562 mm). Using 417 

the above substitutions gives minimum values of Fc of 300 mm for ΔS = 100 mm and a Fc of 418 

232 mm for ΔS = 50 mm. Therefore, from Equation 3, the minimum estimate for the fraction 419 

of the watershed that was cut “a” was 0.83 if ΔS = 100 and 0.68 if ΔS = 50.  420 
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Assuming the whole LP-CS watershed was cut (i.e. ”a" = 1.0), substitution in Equation 7 421 

yields a minimum estimate of the pan factor (evapotranspiration from the forest/pan 422 

evaporation) for the cut forest of 0.95 if ΔS = 100 and 0.87 if ΔS = 50, implying that the cut 423 

forest was losing water over the dry season at the potential rate.  Substituting the known 424 

values into Equation 8 and assuming the dry season evapotranspiration was at the potential 425 

rate and that all the dry-season precipitation was evaporated and does not appear as flow, the 426 

estimated “a” from the dry season water budget was >0.79 if ΔS = 100 and >0.69 if ΔS = 50. 427 

These values of “a” imply that while the double mass plots showed 42% decrease in total 428 

flow, the decrease for the area actually cut was about 50% while the decrease for the late dry-429 

season flow (March + April) was 96% (i.e. essentially no flow). Reducing “a” yields an even 430 

higher percentage reduction in flows (>100%, for the late dry-season flow), so we conclude 431 

again that our estimate of “a ≅ 0.8” is about right. 432 

Finally, if the late dry-season (March + April) flow after logging (Fc), is set to zero in 433 

Equation 2 and values of F1 and F2 are obtained from the slopes of the late dry-season flow 434 

record before and after logging (Figure 4), then Equation 2 implies that the minimum area 435 

logged is “a” = 0.75, similar to the other estimates of “a”  Thus, we consider that the estimate 436 

of “a” = 0.8 (that is 80% of the forested watershed was cut/logged) for ΔS = 100 mm is 437 

probably closest to reality because (i) it is consistent with the dry-season water budget 438 

estimate, (ii) the soils over a large part of the watershed are at least 500 mm thick with soil 439 

particles finer than sand, and therefore are expected to have a deficit closer to 100 mm than 440 

50 mm (Kramer, 1983), and (iii) it gives a realistic estimates of the reduction in total flow 441 

and late dry-season flow following cutting.  442 

 443 

4. Discussion  444 

 445 
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Between 1960 and 1975 there were minor fluctuations in the slope of the double mass plots 446 

that were within the estimated 3% accuracy from the measured error term of the slope of LP-447 

CS watershed double mass plots. We attribute these small fluctuations in flow to small 448 

logging operations and/or to a much lesser extent, the clearing of portions of the forest for 449 

slash-and-burn agriculture. However, in 1985, there was a major change in the slope of the 450 

double-mass plot of cumulative flow versus cumulative precipitation of the watershed that 451 

occurred over the short term of a year and then persisted for about 10 years before a gradual 452 

return to the original slope of the relationship. We conclude that these changes in slope of the 453 

cumulative flow versus cumulative precipitation are evidence of a major logging event 454 

covering a significant fraction of the LP-CS watershed and causing a 50% reduction in water 455 

yield from the area actually cut.  456 

In agreement with Searcy and Hardison (1960), we conclude that the double-mass 457 

plots of flow against precipitation of a watershed are a useful method of detecting changes in 458 

the land response of watersheds, confirming Hypothesis 1 “that double-mass plots of water 459 

yield on precipitation can detect relatively small land-use and non-climate related changes in 460 

forested watersheds”. The sensitivity of the double-mass plot of cumulative flow against 461 

cumulative precipitation was sufficient to reveal that the largest relative reduction in flow 462 

was in the late dry-season (March-April) flow.   Further, we conclude that if the average 463 

water-holding capacity of the soil over the watershed is 100 mm, then the forest operation 464 

affected about 80% of the watershed area, whereas if the average water-holding capacity of 465 

the soil over the watershed is 50 mm the proportion of the watershed cleared was about 70% 466 

of the area of the watershed. In either case, this suggests a large proportion of the watershed 467 

was affected by the logging/thinning. The study also showed that the logging event resulted 468 

in a decrease in the water yield of the watershed which was unexpected and that the storage 469 
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of water in the soil as groundwater played an important role in the delay of the release of 470 

water into the Mekong River. 471 

Like most of Indochina the meteorological conditions of the LP-CS watershed consist 472 

of a high summer incidence of rainfall during the wet season, which generates a high wet 473 

season flow (June to October), followed by a dry-season flow (November to May) amounting 474 

to about 25% of the total flow.  Potential evaporation over the dry season in the region is the 475 

order of 1000 mm, about 75% of the annual potential evapotranspiration (Table 1; Lyon et 476 

al., 2017), while precipitation over the dry-season is 340 mm of which 36% or 125 mm 477 

occurs in the last two months of the dry season (Table 1), indicating that dry-season 478 

precipitation contributes little, if anything, to the dry-season water flow. Also, daily flow data 479 

into the Mekong shows no change with precipitation events in the watershed confirming 480 

precipitation in the dry season has negligible influence on dry-season water flows. This flow 481 

distribution implies that there is a significant and widespread aquifer storing water across the 482 

watershed during the wet season that drains and releases water in the dry season. The most 483 

likely candidate for this aquifer is the weathered rock of the deep regolith covering most of 484 

the uplands in the region (Anderson et al. 2002; Pelletier et al. 2016). While the soil and 485 

groundwater storage capacity in the LP-CS watershed is small compared with the 486 

groundwater in the Lower Mekong Basin as a whole that provides a critical resource of 487 

potable water and water for irrigation of rice and other food crops (Pokhrel et al., 2018), it 488 

provides a steady dry-season flow into the Mekong River (Figure 3). Indeed, Evaristo and 489 

McDonnell (2019) concluded that the amount of water stored in a landscape is one of the 490 

most important factors in predicting streamflow response to forest removal. 491 

 492 

4.1 Reduction in water yield after clearing 493 

 494 
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The double-mass plot of flow against precipitation clearly showed that there was a reduction, 495 

not an increase, in the water flow or yield of the forested watershed that we conclude was the 496 

result of a logging event in 1985. Thus, Hypothesis 2 “that as observed in many watersheds, 497 

cutting of climax forest increases the water yield of the watershed” was not confirmed and 498 

raises the question of how logging induced a 50% reduction in water yield in the area actually 499 

cut, rather than an increase in yield as frequently observed and predicted (Landsberg and 500 

Gower, 1996). This result was unexpected as a review of 94 watershed experiments showed 501 

that a reduction of the cover (conifer, deciduous hardwood or shrub vegetation) by 15-90% 502 

increased the annual streamflow, while none decreased the streamflow (Bosch and Hewlett, 503 

1982). Further, Evaristo and McDonnell (2019) showed that the water yield from 504 

deforestation varied markedly with the water yield increasing by 58±8.6% with only four or 505 

five of the 251 paired watershed showing a decrease in water yield. Mouche et al. (2014) who 506 

studied 5 small forested watersheds of Mekong River tributaries in Northern Laos around 507 

Luang Prabang between 1960 and 2004 could not decide, using two conceptual models, 508 

“whether land-use change impacted the hydrological regime of the watersheds or not.” They 509 

attribute this to the unreliability of the water yield and rainfall data, the method of use of the 510 

rainfall data in the models and because small changes on forest cover (less than 20-30%) may 511 

not be detectable (Andréassian, 2004; Mouche et al., 2014). However, Langford (1976), 512 

Kuczera (1987) and Cornish (1993) all showed decreases in water yield in the first decade 513 

after bushfires, or patch-cutting of 22% of a forested watershed (Lane and Mackay, 2001).  514 

The observed large reduction in water yield for the decade after 1985, therefore, was unusual 515 

and requires explanation. 516 

 The observed 42% reduction in water yield into the Mekong River occurred as a result 517 

of the felling of the native forest.  It cannot be explained by a change in the calibration of the 518 

Luang Prabang flow gauging station as a similar result was obtained for the Vientiane-Chiang 519 
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Saen watershed flow data using the precipitation records from Chiang Rae just north-west of 520 

the LP-CS watershed.  Further, we dismiss the possibility that changes to the monitoring of 521 

precipitation or river flows could result in an abrupt change in either the measured 522 

precipitation or flows because the reduction in flows began to increase again and 10-12 years 523 

later were only about 10% lower than those before the major change in 1985. In fact, the dry-524 

season flow increased in about 5 years, but it took 10-15 years for the total flow to increase to 525 

that observed before the logging event. Similarly, the interception of water by the building 526 

and filling of a large reservoir for the use of water outside the watershed would reduce the 527 

flow and, while there may be some recovery after the reservoir fills to capacity, there is no 528 

evidence of such construction on the watershed at the time and the few hydropower dams 529 

built in the watershed were developed after the period of this study (Hecht et al., 2019).   530 

Finally, climate change has resulted in about a 0.5°C rise in temperatures since 1970, but 531 

with no change in precipitation, but both temperature and precipitation are predicted to 532 

increase with increased intensity of precipitation, flooding and droughts by the middle of the 533 

present century (Pokhrel et al., 2018). However, there is no evidence in the climate data that 534 

climate change was affecting the temperatures and precipitation in 1985 in a way that would 535 

cause a sudden and large reduction in water yield (Li et al., 2017; Pokhrel et al., 2018; Hecht 536 

et al., 2019). Therefore, we conclude that the sudden change in land use across the watershed 537 

in 1985 must have been the result of a significant logging event with on-site stockpiling and 538 

eventual transport of logs out of the LP-CS watershed possibly taking years after the felling 539 

operation. 540 

 The decrease in water yield suggests that the evapotranspiration of the understorey 541 

vegetation remaining after the overstorey trees were cut down was higher than when the 542 

overstorey vegetation was in place. This is possible as the evapotranspiration of climax 543 

vegetation can be lower than young vigorously-growing vegetation due to lower stomatal 544 
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conductance and lower green leaf area (Waggoner and Turner, 1971; Murakami et al., 2000; 545 

Sun et al., 2016). The opening up of the forest canopy by thinning or logging will enable the 546 

understorey to maximise its rate of transpiration to its full potential.  547 

Evaristo and McDonnell (2019) indicated that to understand the influence of deforestation on 548 

the water yield of forest watersheds requires consideration of the storage of water in the soil 549 

between the surface and unweathered bedrock. The reduction in flow after cutting, indicates 550 

that over the dry season while the cut forest was losing water, it was also accessing a water 551 

store that was over and above that accessed by the virgin forest. Though it is possible that the 552 

cut area of the forest was using more water from the unsaturated zone, the extra amount 553 

extracted, equal to about 320mm from the area actually cut, is higher than can be readily 554 

explained.  To explain it, we propose that this additional water was obtained by the 555 

regenerating forest accessing shallow groundwater that exists in the regolith and provides the 556 

dry-season flow. 557 

Considering that evapotranspiration is determined to a significant extent by the net 558 

radiation the question also arises “Could the net radiation of the cut forest have been greater 559 

because its albedo was less?” - might this explain its higher water use?”  However, this is 560 

unlikely given that the drying of the foliage of the cut trees will increase the albedo of the cut 561 

forest as dry vegetation is more reflective. Moreover, paths cut in a jungle in one dry season 562 

are generally impenetrable the next, indicating that the regrowth vegetation would have 563 

quickly overtaken the disturbance caused by felling of the trees. Therefore, we discount 564 

changes in the albedo of the cut forest as a factor influencing the relative water use of the 565 

virgin and cut forest because of the speed at which disturbed forest and jungle understorey 566 

rebounds.  Whether the albedo of the understorey differs significantly from the overstorey 567 

depends on the extent to which young trees dominate it. This is a matter for further 568 

investigation. Accordingly, based on the available information, we believe that we can 569 
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assume, conservatively, that during the wet season, both surfaces (before and after the felling 570 

operation) equally used almost all the available radiant energy for evaporation and 571 

transpiration at a rate comparable to pan evaporation. This implies that the reduction in the 572 

flow into the Mekong after cutting must have been caused only by differences in 573 

evapotranspiration over the dry season (see Equation 1).  574 

The limit on evapotranspiration over the dry season is generally the soil moisture deficit 575 

plus a portion of the of the dry-season precipitation. In the case of the soil moisture deficit for 576 

both the cut and uncut forest, we estimate that because sandy soils are not prevalent, it is 577 

towards the upper end of the range of 50-100 mm. Precipitation during the dry season is 578 

highly dispersed and small relative to the evaporative demand. We observed that in high 579 

resolution (daily) flow records, the dry-season flow is smooth with no significant spikes in 580 

flow due to rainfall.  Thus, moisture from these dry-season precipitation events must be lost 581 

as interception and evaporation or, if not completely lost this way, percolate downwards 582 

through the canopy, relieving the soil moisture deficit slightly to be quickly lost as soil 583 

evaporation or a short-term increase in evapotranspiration.  Therefore, we consider that 584 

before and after a portion of the forest was cut, all the dry-season precipitation was lost to 585 

evapotranspiration. 586 

 587 

4.2 Area of watershed subjected to the land-use change (logging)  588 

   589 

Based on the potential evaporation of the whole watershed, the change in water yield from 590 

cutting, relative to precipitation, the late dry-season flows and knowledge of the water-591 

holding capacity of the soil, we calculated that in 1985, 70-80% of the watershed covered by 592 

virgin forest was cut. The lower value (70%) was calculated assuming that the soil water 593 

deficit in the upper 0.5 m of soil was 50 mm, while the upper value (80%) was calculated 594 
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assuming that the water-holding capacity of the upper 0.5 m of soil was 100 mm. Thus, we 595 

conclude that Hypothesis 3 that “the area of cut forest can be estimated from the changes in 596 

water yield and an understanding of the local hydrology” was confirmed. 597 

Finally, the results of this analysis are broadly consistent with the general belief of 598 

communities in South-East Asia that harvesting timber from forested watersheds and clearing 599 

forests causes wells, springs and streams to cease flowing, but reforesting bare hillsides will 600 

cause water to reappear in wells, springs and streams, as outlined by Gilmour (2014). To this 601 

extent the uncut forest acts as a “sponge” and logging the forest will reduce the water yield 602 

overall.  We consider that the reason for the reduction in water yield after logging is that 603 

harvesting mature trees from forested watersheds, using conventional truck/cable-based 604 

logging systems, minimizes damage to the understory vegetation and increases the dry-season 605 

transpiration rate due to an increased exposure of the understory to light and the net radiation.  606 

 607 

5. Conclusions  608 

 609 

• In the context of Mekong flow and precipitation patterns, flows spanning a decade 610 

were measured with about 3% accuracy. Thus, the double-mass plots of flow against 611 

precipitation of a watershed are a moderately sensitive method of detecting changes in 612 

the land response of watersheds.   613 

• The changes in the water budget of a forested watershed can be used to estimate the 614 

area of the watershed affected by a land-use change such as that caused by logging. 615 

• Of the 7.9 million ha reportedly logged between the late 1960’s and 2002 throughout 616 

Laos, we calculate that more than 6.3 million ha was felled in northern Laos in a 617 

single operation over one dry season in 1985.  Stockpiling and transport of the logs 618 
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off site should have no observable effect on water yield and may have been conducted 619 

over an extended period of time after logging. 620 

• As re-growth forest can lose water during the dry season at close to the potential rate 621 

providing groundwater is available, we conclude that the inferred 50% reduction in 622 

the water yield of the cut area of the LP-CS watershed for up to 12 years resulted 623 

from the felling of the virgin forest in Laos. However, whether logging results in an 624 

increase or decrease in water yield will be dependent on the subsequent land use. If 625 

the understory vegetation containing regrowth forest is left to grow, as in the present 626 

study, then it likely to result in at least an initial decrease in water yield, but clearing 627 

of the regrowth forest is likely to increase the water yield as observed in other studies. 628 

• Mature trees in the tropics, older than 15 years, with superficial groundwater 629 

resources available, are conservative users of water compared with the understory and 630 

appear to protect the water resource from a potentially higher water use by the 631 

understory and regrowth forest. 632 
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TABLE LEGEND 777 

 778 

Table 1.  Long-term (1961-2000) monthly pan evaporation (Epan) and precipitation (P) for 779 

Luang Prabang and the average monthly flow recorded at Luang Prabang less that upstream 780 

at Chiang Saen for ten years from 1976 to 1985 (F1) and from 1986 to 1995 (F2). 781 

 782 

FIGURE LEGENDS 783 

 784 

Figure 1.  Map of the Lao Peoples Democratic Republic (light yellow) showing the location 785 

of the Luang Prabang–Chiang Saen (LP-CS) watershed (green) in Laos and Thailand with the 786 

hydrological monitoring stations at Chiang Saen and Luang Prabang on the Mekong River 787 

(thick blue line) along with the capital city of Laos, Vientiane, and the major cities of Chiang 788 

Rai and Udon Thani in Thailand. The precipitation (rainfall) isohyets for the country were 789 

obtained from Figure 6 of Basanayake et al. (2006). 790 

 791 

Figure 2. Double-mass plot of cumulative flow (F) recorded at Luang Prabang, less that 792 

upstream at Chiang Saen, on cumulative precipitation (P) recorded at Luang Prabang. The 793 

data for 1961-1975 are the square red symbols, data for 1976-1985 are the green triangles and 794 

data for 1986-2000 are the blue circles. The straight line is the fitted linear regression (F = 795 

0.44P - 1152) to the data between 1976 and 1985 (green triangles). Note the significant 796 

deviation from the fitted linear regression beginning in 1986.   797 

 798 

Figure 3. Hydrographs for the Luang Prabang–Chiang Saen (LP-CS) watershed for the ten 799 

year periods 1976-1985 (green line) and 1986-1995 (blue line) showing the difference in 800 
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water yield (black line) relative to 50% of the average monthly precipitation at Luang 801 

Prabang (red line).  802 

 803 

Figure 4.  Double-mass plot of cumulative late dry-season flow (March-April) (F) from the 804 

Luang Prabang–Chiang Saen (LP-CS) watershed on cumulative precipitation (P) recorded at 805 

Luang Prabang for the period from 1975-1996. The data for 1975-1985 are the red diamonds, 806 

data for 1986-1990 are the green circles and data for 1991-1996 are the blue triangles. The 807 

fitted linear regression to the data from 1975 to 1986 (F = 0.014P - 21.5) is similar the fitted 808 

linear regression to the data from 1991-1995 (F = 0.010P - 51.0), but very different from the 809 

fitted linear regression for the data from 1986-1990 (F = 0.004P + 146).  810 

 811 

Figure 5. Scaled up and normalised double-mass plot of cumulative wet-season (June-812 

October) flow and late dry-season (April) flow (F) from the Luang Prabang–Chiang Saen 813 

(LP-CS) watershed on cumulative precipitation (P) recorded at Luang Prabang for the period 814 

from 1980-1990. The data for wet-season (June to October) flow are the green symbols and 815 

the April flow data are the red symbols (squares 1981 -1985 and triangles 1986 - 1991). The 816 

lines are the fitted linear regressions.   817 
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Table 1.  Long-term (1961-2000) monthly pan evaporation (Epan) and precipitation (P) 818 

for Luang Prabang, and the average monthly flow recorded at Luang Prabang less that 819 

upstream at Chiang Saen for ten years from 1976 to 1985 (F1) and from 1986 to 1995 820 

(F2). 821 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec TOTAL 

Season Dry Season Wet Season Dry Season  

Epan (mm) 104 119 161 168 162 140 135 132 127 119 100 95 1562 

P  (mm) 14 19 33 91 143 173 219 261 163 107 28 13 1263 

F1 (mm) 22.6 12.1 8.0 6.6 11.0 27.9 69.0 139 133 90.5 54.2 33.0 607 

F2 (mm) 13.3 6.5 3.3 0.6 6.0 20.5 44.5 87.8 70.2 52.0 30.2 15.9 351 

  822 
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 823 

Figure 1.  Map of the Lao Peoples Democratic Republic (light yellow) showing the 824 

location of the Luang Prabang–Chiang Saen (LP-CS) watershed (green) in Laos and 825 

Thailand with the hydrological monitoring stations at Chiang Saen and Luang Prabang 826 

on the Mekong River (thick blue line) along with the capital city of Laos, Vientiane, and 827 

the major cities of Chiang Rai and Udon Thani in Thailand. The precipitation (rainfall) 828 

isohyets for the country were obtained from Figure 6 of Basanayake et al. (2006). 829 
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 830 

Figure 2. Double-mass plot of cumulative flow (F) recorded at Luang Prabang, less that 831 

upstream at Chiang Saen, on cumulative precipitation (P) recorded at Luang Prabang. 832 

The data for 1961-1975 are the square red symbols, data for 1976-1985 are the green 833 

triangles and data for 1986-2000 are the blue circles. The straight line is the fitted linear 834 

regression (F = 0.44P - 1152) to the data between 1976 and 1985 (green triangles). Note 835 

the significant deviation from the fitted linear regression beginning in 1986.   836 

F = 0.44P - 1,152
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 837 

Figure 3. Hydrographs for the Luang Prabang–Chiang Saen (LP-CS) watershed for the 838 

ten year periods 1976-1985 (green line) and 1986-1995 (blue line) showing the difference 839 

in water yield (black line) relative to 50% of the average monthly precipitation at Luang 840 

Prabang (red line).  841 
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 842 

Figure 4.  Double-mass plot of cumulative late dry-season (March-April) flow (F) from 843 

the Luang Prabang–Chiang Saen (LP-CS) watershed on cumulative precipitation (P) 844 

recorded at Luang Prabang for the period from 1975-1995. The data for 1975-1985 are 845 

the red diamonds, the data for 1986-1990 are the green circles and the data for 1991-846 

1996 are the blue triangles. The fitted linear regression to the data from 1975 to 1985 (F 847 

= 0.014P - 21.5) is similar the fitted linear regression to the data from 1991-1996 (F = 848 

0.010P – 51.0), but very different from the fitted linear regression for the data from 849 

1986-1990 (F = 0.004P + 146).  850 

F = 0.014P - 21.5

F = 0.0035P + 146
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 851 

Figure 5. Scaled up and normalised double-mass plots of cumulative wet-season (June-852 

October) flow and late dry-season (April) flow (F) from the Luang Prabang–Chiang 853 

Saen (LP-CS) watershed on cumulative precipitation (P) recorded at Luang Prabang 854 

for the period from 1980-1990. The data for wet-season (June to October) flow are the 855 

green symbols and the April flow data are the red symbols (squares 1981 -1985 and 856 

triangles 1986 - 1991). The lines are the fitted linear regressions.  857 
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