
VU Research Portal

Hydrological Response of a Fire-Climax Grassland and a Reforest Before and After
Passage of Typhoon Haiyan (Leyte Island, the Philippines)
Zhang, J.

2018

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Zhang, J. (2018). Hydrological Response of a Fire-Climax Grassland and a Reforest Before and After Passage
of Typhoon Haiyan (Leyte Island, the Philippines). [PhD-Thesis - Research and graduation internal, Vrije
Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/82840e00-b5d3-482e-b329-1617dd9dcb18


522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 1PDF page: 1PDF page: 1PDF page: 1



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 2PDF page: 2PDF page: 2PDF page: 2

Front cover: Sunset at the Basper grassland catchment in June 2013 (top and bottom). Centre: heavily 
damaged coconut plantation near Tacloban City shortly after passage of Typhoon Haiyan in 
November 2013. Photographs by Jun Zhang. 

 

Back cover: Uldarico Padecio, one of the leaders of the Manobo tribe, standing in front of a Ficus 
tree inside the Manobo reforest in February 2013. Photograph by Sampurno Bruijnzeel. 

 

    

English title: Hydrological Response of a Fire-Climax Grassland and a Reforest Before and After 
Passage of Typhoon Haiyan (Leyte Island, the Philippines) (PhD thesis, VU University Amsterdam) 

 

Nederlandse titel: Hydrologische respons van een climax-grasland en een herbebost gebied voor en 
na het passeren van Tyfoon Haiyan (Leyte eiland, de Filippijnen) (Academisch proefschrift, Vrije 
Universiteit Amsterdam) 

 

 

Lay-out & cover design: Jun Zhang 

Print: Ipskamp Printing, Amsterdam 

ISBN : 978-94-028-1150-6 

@ Jun Zhang, 2018 

 

Key words: hillslope hydrology, forest hydrology, Imperata grassland, infiltration, soil degradation, 
soil hydraulic conductivity, tropical reforestation, runoff generation, leaf area index, stemflow, 
throughfall, rainfall interception, typhoon impact, hydrograph separation, stable isotopes. 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 3PDF page: 3PDF page: 3PDF page: 3

 
VRIJE UNIVERSITEIT 

 
Hydrological Response of a Fire-Climax Grassland and 
a Reforest Before and After Passage of Typhoon Haiyan 

 (Leyte Island, the Philippines)  
 

ACADEMISCH PROEFSCHRIFT 

ter verkrijging van de graad Doctor of Philosophy 
aan de Vrije Universiteit Amsterdam,  

op gezag van de rector magnificus 
prof.dr. V. Subramaniam, 

in het openbaar te verdedigen 
ten overstaan van de promotiecommissie 
van de Faculteit der Bètawetenschappen 

op donderdag 11 oktober 2018 om 13.45 uur 
in de aula van de universiteit, 

De Boelelaan 1105 
 

door 

Jun  Zhang 

Geboren te Baotou, People’s Republic of China 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 4PDF page: 4PDF page: 4PDF page: 4

Promotor:  prof.dr. L.A. Bruijnzeel 

Copromotor: dr. H.J. van Meerveld 

  



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 5PDF page: 5PDF page: 5PDF page: 5

Reading committee: prof. dr. J.C.J.H. Aerts (chair) 

    dr. N.A. Chappell 

    prof. dr. N.C. van de Giesen 

    prof. dr. A. Malmer 

    dr. M.J. Waterloo 

 

Paranymphs:           Huan Li  

    Ove Meisel 

  



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 6PDF page: 6PDF page: 6PDF page: 6

DDedicated to those who made the study 
possible  

 

 

 
 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 7PDF page: 7PDF page: 7PDF page: 7

i 
 

Table of Contents 
CHAPTER 1 INTRODUCTION ............................................................................................................... 1 

1.1 TROPICAL FIRE-CLIMAX GRASSLANDS, REFORESTATION AND HYDROLOGY: 
SETTING THE SCENE .................................................................................................................... 2 

1.2 CLIMATIC INTENSIFICATION VERSUS LAND-COVER IMPACTS ON LANDSLIDING 
AND SEDIMENT YIELD .............................................................................................................. 10 

1.3 THE TACLOBAN COMPARATIVE CATCHMENT EXPERIMENT: BACKGROUND AND 
OBJECTIVES ................................................................................................................................. 12 

1.4 THESIS OUTLINE ......................................................................................................................... 15 

CHAPTER 2 SOIL PHYSICAL CHARACTERISTICS OF A DEGRADED TROPICAL 
GRASSLAND AND A ‘REFOREST’: IMPLICATIONS FOR RUNOFF GENERATION ............... 17 

2.1 INTRODUCTION .......................................................................................................................... 19 

2.2 MATERIALS AND METHODS .................................................................................................... 22 

2.2.1 Study area................................................................................................................................ 22 

2.2.2 Experimental design, soil sampling and determination of basic soil parameters................... 25 

2.2.3 Precipitation and soil moisture measurements ....................................................................... 26 

2.2.4 Inferring dominant stormflow mechanisms and pathways ...................................................... 28 

2.2.5 Statistical analyses .................................................................................................................. 28 

2.3 RESULTS ........................................................................................................................................ 29 

2.3.1 Basic soil physical properties: fire-climax grassland vs. multi-species reforest ..................... 29 

2.3.2 Saturated soil hydraulic conductivity...................................................................................... 32 

2.3.3 Comparison of soil hydraulic conductivity with rainfall intensity .......................................... 35 

2.3.4 Soil water dynamics ................................................................................................................ 37 

2.4 DISCUSSION ................................................................................................................................. 39 

2.4.1 Limitations of the space-for-time substitution approach ........................................................ 39 

2.4.2 Basic soil properties: fire-climax grassland versus semi-mature reforest .............................. 40 

2.4.3 Saturated soil hydraulic conductivity: methodological considerations .................................. 41 

2.4.4 Saturated soil hydraulic conductivity in tropical grasslands and pastures ............................ 42 

2.4.5 Changes in saturated soil hydraulic conductivity during forest development ........................ 44 

2.4.6 Implications for runoff generation .......................................................................................... 46 

2.5 CONCLUSIONS ............................................................................................................................. 48 

2.6 SUPPORTING MATERIALS ......................................................................................................... 50 

CHAPTER 3 RUNOFF RESPONSE AND SEDIMENT YIELD OF A TROPICAL 
GRASSLAND MICRO-CATCHMENT BEFORE AND AFTER TYPHOON PASSAGE ................ 55 

3.1 INTRODUCTION .......................................................................................................................... 57 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 8PDF page: 8PDF page: 8PDF page: 8

ii 
 

3.2 STUDY AREA ................................................................................................................................ 59 

3.3 METHODS ..................................................................................................................................... 61 

3.3.1 Field measurements ................................................................................................................ 61 

3.3.1.1 Hydrological monitoring ..................................................................................................... 61 

3.3.1.2 Landslide surveys ................................................................................................................ 64 

3.3.2 Streamflow gap-filling ............................................................................................................. 65 

3.3.3 Data analysis .......................................................................................................................... 66 

3.3.3.1 Stormflow separation and recession analysis ..................................................................... 66 

3.3.3.2 Catchment water budget ..................................................................................................... 66 

3.3.3.3 Statistical analyses .............................................................................................................. 67 

3.4 RESULTS ........................................................................................................................................ 67 

3.4.1 Seasonal rainfall and streamflow patterns .............................................................................. 67 

3.4.2 Streamflow recession ............................................................................................................... 70 

3.4.3 Runoff response to rainfall before and after passage of typhoon Haiyan ............................... 71 

3.4.4 Effect of antecedent soil moisture conditions on runoff response ........................................... 76 

3.4.5 Landslide incidence during typhoon Haiyan .......................................................................... 76 

3.4.6 Catchment sediment yield ....................................................................................................... 78 

3.5 DISCUSSION ................................................................................................................................. 80 

3.5.1 Tropical grassland runoff response ......................................................................................... 80 

3.5.2 Runoff response in the Basper fire-climax grassland: a conceptual model ............................ 82 

3.5.3 Fire-climax grassland water use ............................................................................................. 84 

3.5.4 Landsliding and catchment sediment yield ............................................................................. 85 

3.6 CONCLUSIONS ............................................................................................................................. 87 

3.7 SUPPORTING MATERIALS ......................................................................................................... 89 

CHAPTER 4 TYPHOON-INDUCED CHANGES IN RAINFALL INTERCEPTION LOSSES 
FROM A TROPICAL MULTI-SPECIES ‘REFOREST’ ...................................................................... 95 

4.1 INTRODUCTION .......................................................................................................................... 97 

4.2 STUDY AREA ................................................................................................................................ 99 

4.3 METHODS ................................................................................................................................... 101 

4.3.1 Field measurements .............................................................................................................. 101 

4.3.1.1 Determination of rainfall interception .............................................................................. 101 

4.3.1.2 Leaf area index .................................................................................................................. 104 

4.3.1.3 Pre- and post-disturbance forest inventories .................................................................... 105 

4.3.2 Modelling rainfall interception ............................................................................................. 106 

4.3.2.1 The revised analytical interception model ........................................................................ 106 

4.3.2.2 Derivation of canopy parameters used in the revised analytical model ........................... 107 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 9PDF page: 9PDF page: 9PDF page: 9

iii 
 

4.3.3 Statistical analysis................................................................................................................. 108 

4.4 RESULTS ...................................................................................................................................... 108 

4.4.1 Effect of typhoon Haiyan on forest structure and LAI .......................................................... 108 

4.4.2 Spatio-temporal contrasts in LAI .......................................................................................... 110 

4.4.3 Rainfall characteristics ......................................................................................................... 112 

4.4.4 Throughfall, stemflow, and interception losses before and after forest disturbance ............. 115 

4.4.5 Spatio-temporal variations in LAI versus relative throughfall amounts ............................... 117 

4.4.6 Canopy structural parameters derived from throughfall and stemflow measurements ........ 120 

4.4.7 Model application ................................................................................................................. 123 

4.4.8 Wet-canopy evaporation versus rainfall intensity during (very) large storms ...................... 127 

4.5 DISCUSSION ............................................................................................................................... 128 

4.5.1 Typhoon Haiyan’s short-term effects on forest structure ....................................................... 128 

4.5.2 Forest disturbance effects on interception loss ..................................................................... 129 

4.5.3 Effects of canopy heterogeneity on throughfall ..................................................................... 131 

4.5.4 Interception loss from regenerating tropical forests: the Manobo reforest in perspective ... 132 

4.5.5 Wet-canopy evaporation rates versus rainfall intensity ........................................................ 135 

4.6 CONCLUSIONS ........................................................................................................................... 137 

4.7 SUPPORTING MATERIALS ....................................................................................................... 139 

CHAPTER 5 WATER BUDGET AND RUNOFF RESPONSE OF A TROPICAL MULTI-
SPECIES ‘REFOREST’ AND EFFECTS OF TYPHOON DISTURBANCE ................................... 145 

5.1 INTRODUCTION ........................................................................................................................ 147 

5.2 STUDY AREA .............................................................................................................................. 150 

5.3 METHODS ................................................................................................................................... 154 

5.3.1 Hydrological monitoring ....................................................................................................... 154 

5.3.2 Streamflow gap-filling ........................................................................................................... 156 

5.3.3 Data analysis ........................................................................................................................ 157 

5.3.3.1 Stormflow separation, catchment wetness index and recession analysis .......................... 157 

5.3.3.2 Catchment water budget ................................................................................................... 158 

5.3.3.3 Assessing the local infiltration trade-off after reforesting Imperata grassland ................ 159 

5.3.3.4 Statistical analysis............................................................................................................. 160 

5.4 RESULTS ...................................................................................................................................... 160 

5.4.1 Seasonal distribution of precipitation and streamflow ......................................................... 160 

5.4.2 Streamflow recession ............................................................................................................. 164 

5.4.3 Runoff response to rainfall before and after forest disturbance............................................ 164 

5.4.4 Runoff response and antecedent soil water conditions ......................................................... 166 

5.4.5 Catchment sediment yield ..................................................................................................... 170 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 10PDF page: 10PDF page: 10PDF page: 10

iv 
 

5.5 DISCUSSION ............................................................................................................................... 172 

5.5.1 Vegetation water use: semi-mature multi-species reforest versus old-growth rain forest ..... 172 

5.5.2 Runoff response at Manobo: general conceptual model and effects of forest disturbance ... 174 

5.5.3 Reforesting degraded Imperata grassland: a positive hydrological trade-off? .................... 176 

5.5.4 Typhoon Haiyan and catchment sediment yield .................................................................... 178 

5.6 CONCLUSIONS ........................................................................................................................... 180 

5.7 SUPPORTING MATERIALS ....................................................................................................... 182 

CHAPTER 6 EFFECTS OF REFORESTATION OF A DEGRADED IMPERATA GRASSLAND 
ON DOMINANT FLOW PATHWAYS AND STREAMFLOW RESPONSES ................................. 187 

6.1 INTRODUCTION ........................................................................................................................ 189 

6.2 STUDY SITES .............................................................................................................................. 192 

6.3 METHODS ................................................................................................................................... 194 

6.3.1 Field measurements .............................................................................................................. 194 

6.3.2 Data analysis ........................................................................................................................ 196 

6.3.2.1 Streamflow characteristics during the study period.......................................................... 196 

6.3.2.2 Event characteristics ......................................................................................................... 196 

6.3.3 Hydrograph separation and mixing plots ............................................................................. 197 

6.4 RESULTS ...................................................................................................................................... 198 

6.4.1 Streamflow response ............................................................................................................. 198 

6.4.2 Isotope-based hydrograph separations and mixing diagrams .............................................. 203 

6.4.3 EC-based hydrograph separations........................................................................................ 208 

6.5 DISCUSSION ............................................................................................................................... 209 

6.5.1 Runoff generation mechanisms in the Imperata grassland and reforestation catchments .... 209 

6.5.2 Effect of reforestation on runoff generation mechanisms ..................................................... 210 

6.5.3 Effect of event size and rainfall intensity on pre-event water contributions ......................... 212 

6.6 CONCLUSIONS ........................................................................................................................... 213 

CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH .... 215 

7.1 BACKGROUND .......................................................................................................................... 216 

7.2 KEY RESEARCH FINDINGS ..................................................................................................... 218 

7.3 LIMITATIONS OF THE RESEARCH AND SUGGESTIONS FOR FURTHER RESEARCH .. 223 

SAMENVATTING .................................................................................................................................. 229 

   ........................................................................................................................................................ 235 

REFERENCES ........................................................................................................................................ 241 

ACKNOWLEDGEMENTS ................................................................................................................... 265 

 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 11PDF page: 11PDF page: 11PDF page: 11

1 
 

 

 

 

 

  I. 

INTRODUCTION  



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 12PDF page: 12PDF page: 12PDF page: 12

Chapter 1. General introduction  

 

2 
 

Chapter 1 

General Introduction 

 

1.1 TROPICAL FIRE-CLIMAX GRASSLANDS, REFORESTATION AND 

HYDROLOGY: SETTING THE SCENE 

   Swidden cultivation (also called slash-and-burn agriculture; Brady, 1996) has been 

considered responsible for as much as 60% of tropical deforestation (Geist & Lambin, 2002). 

Although the importance of swidden cultivation has declined in recent years due to socio-

economic changes (Ziegler et al., 2009; Van Vliet et al., 2012), the frequent use of fire and 

gradual shortening of the fallow period (sometimes to as little as 3–5 years) in areas with high 

population pressure has created extensive tracts of largely unproductive fire-climax grassland, 

both in the Palaeo-tropics (Garrity et al., 1997; Styger et al., 2007) and the Neo-tropics (Aide 

& Cavelier, 1994; Hooper et al., 2005). Many of these grasslands are dominated by Imperata 

cylindrica (spear grass) and Saccharum spontaneum (wild sugar cane). Using land-cover 

inventory data from the 1980s and early 1990s, Garrity et al. (1997) estimated the total area 

under Imperata grassland in South- and South-east Asia at the time at about 35 million ha 

(range: 21–57 million ha), adding that the actual area might well be larger because many 

grassland patches too small to appear on national land-use maps were excluded from the 

analysis. Furthermore, the frequency of wildfires in insular South-east Asia has increased 

markedly over the last two to three decades due to an intensification of both regional climate 

change (notably the frequency of El Niño-Southern Oscillation events) and forest clearing for 

extractive plantations and agriculture (Field et al., 2009; Hoscilo et al., 2011; Page & Hooijer, 

2016). This is likely to have expanded the area under fire-climax grasslands even further (cf. 

Murniati, 2002; Van der Kamp et al., 2009). Imperata grassland soils are generally perceived 

as having poor physical properties, low organic matter and nutrient contents, and high 

exchangeable aluminium levels that render them unproductive and prone to erosion (Costales, 

1979; Ohta, 1990; Concepcion & Samar, 1995; Santoso et al., 1997; Handayani et al., 2012). 

   Despite their considerable spatial extent, Imperata- and Saccharum-dominated tropical 

grasslands have attracted comparatively little hydrological study, particularly in terms of 

runoff response and water yield at the catchment scale. Waterloo et al. (1999) showed the 

water use of a seasonally dormant, non-grazed fire-climax grassland in the Fiji archipelago to 

follow the seasonal pattern of leaf surface area and to be much lower than evapotranspiration 
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from nearby pine plantations, suggesting grassland soils may be wetter and thus 

hydrologically more responsive than forest soils (cf. Scott et al., 2005). In addition, soils of 

fire-climax grasslands can be water-repellent because of repeated burning, as well as 

compacted when grazed (Jasmin, 1976; Snelder, 2001b; Starkel & Singh, 2004). In extreme 

cases, this may lead to greatly enhanced occurrence and volumes of infiltration-excess 

overland flow (Chandler & Walter, 1998) and surface erosion (Concepcion & Samar, 1995; 

Coster, 1938; Jasmin, 1976). This, in turn, may cause problems of flooding and sedimentation 

in downstream areas (White, 1990; Asio et al., 1999). As a result, across the tropics, fire-

climax grasslands are targeted increasingly for conversion to more productive and 

environmentally benign forms of land use, such as reforestation (Otsamo, 2000; Wishnie et 

al., 2007; Le et al., 2012; Ancog et al., 2016) and – in areas with high land pressure – 

cultivation systems that integrate trees with agricultural crops and soil conservation measures 

(Van Noordwijk et al., 1997; Murniati, 2002; Snelder & Lasco, 2008; Handayani et al., 

2012). 

   Whilst the recurring fire typically associated with these grasslands (Malmer et al., 2005) 

usually prevents the re-establishment of forest through natural regeneration, Imperata can be 

shaded out by planting fast-growing trees in combination with intensive initial soil 

management (Otsamo, 2000; Murniati, 2002). The shading afforded by the new trees not only 

reduces the competitive ability of the grasses but also promotes the germination and 

development of seedlings of native species, resulting in mixed stands with the planted 

(usually exotic) trees initially dominating the main canopy and naturally regenerating native 

species being dominant in the understory (Kuusipalo et al., 1995; Otsamo, 2000; cf. Willis et 

al., 2016). Upon maturation, this kind of forest neither classifies as a traditional plantation 

forest nor as fully naturally developed secondary forest, hence within the context of tropical 

forest landscape restoration activities the term ‘reforest’ has been proposed for these multi-

species ecosystems (Chazdon et al., 2016). 

   The Philippines, where Imperata- and related grasslands (locally referred to as cogon) 

cover as much as 17% of the total land area (~5 million ha; Garrity et al., 1997), represent a 

case in point. About 35% of the land designated to be forested is tree-less and may require 

some form of ecological rehabilitation (Pulhin et al., 2006). In 2011, an ambitious ‘National 

Greening Program’ (NGP) targeted the planting of 1.5 billion trees on 1.5 million ha of 

degraded land during an initial period of six years (Aquino & Daquio, 2014). According to 

FAO (2016), the Philippines managed to reforest an impressive 240,000 ha between 2010 and 
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2015, thereby turning the net loss of forest cover of the previous decades into a net gain and 

joining China, India and Vietnam as so-called ‘forest transition’ countries (Meyfroidt & 

Lambin, 2011). However, the indiscriminate large-scale planting of trees for carbon 

sequestration, combating surface erosion, or improving livelihoods has attracted considerable 

criticism and debate in the last decade on hydrological grounds (Bruijnzeel, 2004; Calder, 

2005; Bradshaw et al., 2007; Van Dijk et al., 2008; Malmer et al., 2010; Cao et al., 2011). 

Despite recent suggestions of possibly enhanced rainfall after large-scale reforestation (Van 

Noordwijk et al., 2015; Ellison et al., 2017), concerns about possibly negative hydrological 

outcomes of reforestation are based on the finding that replacing grass- and shrublands with 

(usually fast-growing exotic) trees has generally led to substantial decreases in annual and 

dry-season water yields, both in the tropics (Waterloo et al., 1999; Scott et al., 2005; 

Lacombe et al., 2016) and the subtropical and warm-temperate zones (Jackson et al., 2005; 

Ford et al., 2011). The prime reason for this finding relates to the generally higher water use 

(including evaporation of intercepted rainfall) of trees and forests compared to grassland and 

crops (Zhang et al., 2001; cf. Gash et al., 1996; Waterloo et al., 1999; Figure 1.1). 

   As shown in Figure 1.2, the effect of tree planting on annual streamflow increases with age 

of the trees. The strongest decreases in flow after forestation are observed during the first ten 

years, when rates of tree growth are the most vigorous (Jackson et al., 2005). In addition, 

there are reports of enhanced water use by young tropical regrowth exceeding that of old-

growth rain forest, let alone that of fire-climax grassland (Hölscher et al., 1997; Giambelluca 

et al., 2000; cf. Waterloo et al., 1999). However, methodological issues (including advected 

heat from surrounding areas) may have influenced these results as recent observations on 

young regrowth in Madagascar did not reveal excessive water use (Ghimire et al., 2018). 

   On a related note, average interception evaporation from forests in ‘maritime’ tropical 

climates tends to be roughly twice that inferred for forests at mid-continental locations 

(Roberts et al., 2005; Wallace & McJannet, 2008). The reasons for this contrast are still 

debated in terms of the exact mechanisms involved and the sources of non-radiant energy 

required to sustain such high rates of evaporation (see discussion in Holwerda et al. (2012) 

and Van Dijk et al. (2015)), but there is little doubt the impact of the high interception losses 

from ‘maritime’ tropical forests on the overall water budget (and thus streamflow) is 

potentially large (McJannet et al., 2007; cf. Roberts et al., 2005).  
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Figure 1.1 Generalized relationships between annual evapotranspiration and rainfall for 
forest and grassland (modified from Zhang et al., 2001) 

 

 

 

 

 

Figure 1.2 Proportional and absolute 
change in annual streamflow with 
plantation age on (non-degraded) former 
grass- or shrubland soils (after Farley et 
al., 2005)
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On the other hand, establishing a good forest cover on degraded soils is also capable of 

increasing the soil’s capacity to absorb and store rainfall (Ilstedt et al., 2007; Zimmermann et 

al., 2013; Zwartendijk et al., 2017). When foresting soils that are already in good condition, 

no effective improvement in infiltration will occur, and reforestation will typically reduce 

both high and low flows due to the higher water use of the forest noted earlier (Farley et al., 

2005; Lacombe et al., 2016; Figure 1.2). However, foresting heavily degraded soils is likely 

to much reduce high flows (as long as soils are deep enough to store the extra infiltrated 

water), possibly to the extent that low flows are boosted (Bruijnzeel, 2004; Scott et al., 2005; 

Chandler, 2006; Figure 1.3). Reports of gradually improved dry-season flows after 

reforesting very degraded land have begun to appear in the literature (Zhou et al., 2010; 

Krishnaswamy et al., 2012; Choi & Kim, 2013, 2015), indicating that under certain 

conditions (notably advanced land degradation and high rainfall), the higher water use of 

planted or regenerating trees may be more than compensated by the gradually improving 

capacity of the soil to accommodate and retain rainfall. This is often referred to as the 

‘infiltration trade-off’ hypothesis (Bruijnzeel, 1989, 2004; Chandler, 2006; Krishnaswamy et 

al., 2012).  

 

Figure 1.3 Schematic potential changes in key water fluxes in degraded pasture and 
reforestation. Fluxes include rainfall (P), water use (ET), infiltration (i), vertical percolation 
through soil (fs) and (saprolitic) rock (fbr), surface runoff (SRO), interflow (IF), and baseflow 
from perched groundwater and fractured rock (BF). After Chandler (2006). 
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Figure 1.4 Schematic view of rapid vertical and lateral preferential flow via macropores as 
opposed to slow matrix flow (after Chen et al., 2017). 

 

   Of particular importance in this regard appears to be the development of so-called 

preferential flow paths (vertically extending macropores) during forest development (Colloff 

et al., 2010) that allow rapid infiltration of water to deeper layers (i.e. beyond the root zone) 

during times of peak rainfall (Shougrakpam et al., 2010; Cheng et al., 2017), thereby 

boosting groundwater recharge for subsequent slow release during the dry season (the ‘forest 

sponge’ effect; Bruijnzeel, 2004; Krishnaswamy et al., 2012; Ogden et al., 2013; Figure 1.4).  

   As to the hydrological effects of reforesting tropical fire-climax grasslands, a literature 

survey suggests that surface infiltration capacity in such grasslands is modest at a median 

value of 45 mm h-1 (n = 7) although results vary with the severity of surface conditions 

(range: 19–95 mm h-1; cf. Chapter 2). Corresponding values for grazed tropical pastures (n = 

12) are lower (median: 23 mm h-1; range 2–66 mm h-1; ibidem) while Figure 1.5 illustrates 

the general increase in soil infiltration capacity with age of the regenerating or planted 

vegetation for selected sites across the tropics. The data shown in Figure 1.5 suggest that a 

full recovery of infiltration capacity may take several decades of uninterrupted forest 

development (cf. Chapter 2). 

   Despite a growing availability of information on changes in surface soil hydraulic 

conductivity during tropical forest regrowth or plantation development, investigations of the 
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corresponding effect on streamflow regime over time (stormflows, dry-season flows) are 

exceedingly rare and have given partly contradictory results. Lacombe et al. (2016) 

documented a clear downward trend for streamflow throughout the year (i.e. during both wet 

and dry seasons) for a small catchment in Vietnam during a transition from neglected timber 

and fruit tree plantations to vigorously regrowing natural forest exhibiting a high water use. 

Conversely, in an upland catchment in Laos experiencing a transition from traditional short-

fallowed swidden cultivation to teak plantations (over 3–35% of the catchment area within 

seven years), streamflow increased, especially during the dry season, when the teak trees 

were leafless. The authors explained this somewhat counter-intuitive finding (cf. Figures 1.1 

and 1.2) in terms of greatly increased overland flow production in the teak plantations due to 

regular burning and clearing of the understorey, which was followed by crust formation and 

strongly reduced infiltration opportunities. In addition, water use by the teak trees was 

considered to be restrained by the ensuing lack of moisture in the soil (Lacombe et al., 2016). 

Comparing changes in streamflow regime for a series of meso-scale catchments (23–346 

km2) undergoing major changes in forest cover in Puerto Rico over periods of 30–50 years, 

Beck et al. (2013) were unable to draw any firm conclusions other than that a larger forest 

cover was generally associated with lower streamflow, although none of the relationships 

between percentage forest cover and various streamflow characterizing parameters were 

significant. Such findings illustrate the difficulty of linking streamflow to cover at scales 

larger than the small catchment scale (Beck et al., 2013).  
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Figure 1.5 Changes in surface soil saturated hydraulic conductivity (Ksat, mm h-1) during 
natural forest regeneration after slash-and-burn cultivation or grazing at selected tropical 
sites. Data for an age sequence of pine plantations in Nepal are added for comparison. Open 
symbols for the Vietnamese and Nepalese sites denote forests disturbed by human activity 
causing a decline in surface Ksat. The sigmoid curve is based on all data points shown except 
the disturbed sites (see discussion in Chapter 2). 

Apparently the only long-term controlled catchment experiment documenting changes in 

streamflow following reforestation of Imperata grassland was operated by the Philippines’ 

Ecosystem Research and Development Bureau between 1973 and 1992 at Angat, Luzon 

(Daño, 1995). A control micro-catchment (1.6 ha) under Imperata was burned every year in 

accordance with local ranching practice, while after an initial calibration period (1973–1976) 

a treatment grassland micro-catchment (1.0 ha) was subjected to a period of non-burning 

(1977–1980), followed by reforestation with Gmelina arborea (1981–1992). Rainfall and 

streamflow were monitored continuously throughout the study period. Reanalysis of the 

original annual data (provided by Dr. AM Daño) showed the cessation of burning to have a 

minor negative effect on annual streamflow only (-28 mm yr-1), while the establishment and 

subsequent growth of G. arborea gradually reduced streamflow from an intial 28 mm yr-1 to 

280 mm yr-1 after 12 years (Figure 1.6). However, due to the very small size of the two 
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micro-catchments, gauged streamflow totals from the Angat grasslands were undoubtedly 

underestimated, as also indicated by the high average apparent annual evapotranspiration 

figure (1725 mm, computed as rainfall minus streamflow for the control micro-catchment) 

and the fact that stormflows in the control micro-catchment made up as much as 94% of the 

total streamflow on average. As such, the effect of the reforestation on baseflow amounts 

remains unknown and further work is necessary to establish the amount of deep leakage (De 

Zeeuw, 1973) and, especially, the prevailing dominant runoff pathways (Daño, 1995; cf. 

Chandler & Walter, 1998; Elsenbeer, 2001). For example, reforestation and associated 

macropore development over time (Colloff et al., 2010) might affect amounts of infiltration-

excess overland flow more than volumes of rapid lateral subsurface stormflow (cf. Figures 

1.3 and 1.4; Chandler & Walter, 1998), with possible consequences for the change in overall 

stormflow response (Chen et al., 2017). 

 

 
Figure 1.6 Relationships 
between annual streamflow 
totals for an annually burned 
grassland micro-catchment 
(control) and a treatment 
grassland catchment subject to 
a period of non-burning and 
subsequent reforestation at 
Angat, Luzon (based on data 
provided by Dr AM Daño). 
Data for 1989 and 1990 were 
excluded from the analysis as 
streamflow amounts for the 
treated catchment seemed 
unrealistically low. 
 

1.2 CLIMATIC INTENSIFICATION VERSUS LAND-COVER IMPACTS ON 

LANDSLIDING AND SEDIMENT YIELD 

   A related problem of deforested tropical steeplands concerns a typical increase in the 

incidence of shallow (< 2–3 m) landslides when the extra cohesion formerly imparted by the 

roots of the trees starts to decline after a few years (O’Loughlin, 1984; cf. Rabonza et al., 

2015), particularly in areas characterized by seasonally high rainfall, steep slopes, a regolith 

overlying impermeable rock, and significant tectonic activity (Scatena et al., 2005; Sidle et 

al., 2006; Lin et al., 2008; Wu & Chen, 2009). Thus, sediment yields from (fire-climax) 
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grassland catchments subject to landsliding can be much enhanced (cf. Page et al., 1994; 

Trustrum et al., 1999) even when sediment contributions by surface erosion remain modest 

because of surface hardening and compaction (Jasmin, 1976; Daño, 1995; Chandler, 2016). 

Likewise, in the absence of major mass wasting, sediment yields from tropical rain-forested 

areas are typically low to very low (Bruijnzeel, 2004) but these tend to soar where mass 

wasting is prevalent, even under fully forested conditions (Lin et al., 2008). Such findings are 

especially pertinent in countries like the Philippines and Taiwan, which are located in one of 

the world’s premier cyclone-generating areas (Webster et al., 2005; García-Herrera et al., 

2006). About 30% of the annual precipitation in these countries is received during passage of 

tropical cyclones and depressions (Cinco et al., 2016; Tsai et al., 2009), while annual 

sediment yields from upland catchments are heavily dominated by sediment generated during 

such extreme events, regardless of land cover (White, 1990; Lin et al., 2008). Moreover, the 

demonstrated close correlation between landslide incidence and extreme rainfall during 

typhoon passage in the region (Lin et al., 2008; Chen et al., 2015; Nolasco-Javier et al., 2015; 

Nolasco & Kumar, 2018) does not bode well for a future in which tropical storms and 

cyclones are expected to become more forceful (Webster et al., 2005; Knutson et al., 2010), 

amongst others due to continued oceanic warming (Balaguru et al., 2016). Apart from the 

corresponding increase in stream sediment loads, areas prone to landsliding can be expected 

to become more responsive hydrologically and geomorphologically in the future (cf. Chiang 

& Chang, 2011; Walsh et al., 2013). In addition, the progressive loss of the overburden may 

cause a gradual loss of soil water storage opportunity and eventually even lead to diminished 

baseflows (Rawat et al., 2015; cf. Bruijnzeel, 1989). 

   Another aspect of increased or intensified typhoon incidence concerns the possibly adverse 

ecological and hydrological consequences of repeated severe ecosystem disturbance, 

especially forest ecosystems which tend to be more vulnerable to high winds than grasslands 

(Scatena et al., 2005). In addition, amongst forests, coniferous forests (often used in tropical 

reforestation efforts; Scott et al., 2005) appear to be more vulnerable to extreme winds than 

hardwoods (Boucher et al., 1990; Jayakaran et al., 2014; cf. Lee et al., 2008). Studies of the 

hydrological effects of tropical forest disturbance by extreme winds (as opposed to gap 

creation by selective logging; Asdak et al., 1998; Chappell et al., 2001), e.g. on the 

magnitude of rainfall interception loss, are comparatively rare (Scatena et al., 1996; Waterloo 

et al., 1999; Heartsill-Scalley et al., 2007). The effect has been shown to last up to a year, 

depending on the degree of canopy disturbance and rate of re-foliation (Scatena et al., 1996; 
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Waterloo, 1994; cf. Lin et al., 2011). Studies of the effect of forest destruction by tropical 

storms on streamflow amounts and response to rainfall are equally rare, with an emphasis on 

changes in water quality rather than water quantity (Schaefer et al., 2000; Chai et al., 2009). 

Depending on the kind (e.g. older and larger versus younger and smaller trees being affected) 

and degree of forest disturbance, changes in streamflow amounts may be visible for many 

years as they reflect post-disturbance dynamics of forest regrowth (Jayakaran et al., 2014). 

1.3 THE TACLOBAN COMPARATIVE CATCHMENT EXPERIMENT: 

BACKGROUND AND OBJECTIVES  

   In view of the general debate on the feasibility of recreating the ‘forest sponge’ effect by 

reforesting degraded land (Bruijnzeel, 2004; Malmer et al., 2010; Krishnaswamy et al., 2012; 

Ogden et al., 2013) and the need to: (i) better document the hydrological behaviour of 

tropical fire-climax grasslands (Daño, 1995; Chandler & Walter, 1998) and (ii) assess the 

potential hydrological consequences of the recent massive grassland reforestation effort 

initiated in the Philippines (Aquino & Daquio, 2014; cf. Ancog et al., 2016), a comparative 

catchment study was set up in May 2013 near Tacloban, NE Leyte Island, the Philippines. 

The choice of the study area was led by local claims that after reforesting degraded Imperata 

grasslands outside Tacloban, streamflow had become perennial again after about seven years 

(U. Pacheco, personal communication). Two small lowland catchments with perennial flow, 

underlain by the same mafic rock type and having similar soils were instrumented 

hydrologically and monitored for a year: viz. a 3.2 ha Imperata grassland micro-catchment 

near the hamlet of Basper and an 8.75 ha catchment at Manobo which was reforested 23 

years prior to the start of the measurements in June 2013. The two catchments were 3.5 km 

apart (Figure 1.7). Apart from measuring rainfall inputs and streamflow outputs, soil water 

and shallow groundwater dynamics were monitored as well. In addition, key soil physical 

attributes were determined, including bulk density and saturated soil hydraulic conductivity 

down to a depth of 100 cm. Values of the latter are often compared to rainfall intensity 

characteristics to infer the prevailing dominant (near-)surface runoff generation mechanisms 

(Ziegler et al., 2004; Bonell et al., 2010; Ghimire et al., 2014). To gain further insight into the 

possibly different runoff-producing processes operating at the two sites, streamflow quality 

(electric conductivity) was monitored continuously as well, while numerous water samples 

(including rainfall, soil water, groundwater, and streamflow at contrasting stages) were taken 

for analysis of their chemical and stable isotope contents so as to assess the relative 
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importance of specific potentially important runoff sources (e.g. overland flow versus 

subsurface stormflow, event water versus pre-event water; Elsenbeer et al., 1995; Elsenbeer 

& Lack, 1996; Negishi et al., 2007; Liu et al., 2009). 

   During the study, on 8 November 2013, the catchments were hit by typhoon Haiyan (locally 

called Yolanda), one of the largest events on record for the region (and indeed globally) and 

delivering more than 200 mm of rain within several hours (Nguyen et al., 2014). This 

provided an opportunity to study the effect of such an extreme event on the runoff response to 

rainfall for the two catchments as well as compare possible contrasts in pre- and post-storm 

sediment production. Moreover, because the Manobo reforest was heavily damaged by the 

storm, changes in the water budget due to altered rainfall interception and vegetation water 

use could be investigated as well. 

   The chief objectives of the Tacloban study were to: (i) quantify the chief factors and 

processes governing the runoff response to rainfall for an Imperata grassland (baseline) and a 

semi-mature, multi-species reforest; (ii) determine the magnitude and direction (positive or 

negative) of the ‘trade-off’ between the changes in (a) vegetation water use, and (b) rainfall 

infiltration and retention following reforestation as, together, these processes govern the 

amount of groundwater recharge and thus, baseflow. 

 

   Specifically, it is hypothesized that:  

- (i) Surface soil hydraulic conductivity Ksat (i.e. infiltration capacity) associated with 

the reforest is significantly higher than for the Imperata grassland;  

- (ii) Surface Ksat in the grassland is low enough for infiltration-excess overland flow 

(IOF) to occur regularly;  

- (iii) Variation in Ksat with depth in the reforest is such that storm runoff consists 

exclusively of lateral subsurface stormflow (SSSF), i.e. IOF is absent; 

- (iv) Because of (ii) and (iii), storm runoff generated by the grassland is both ‘flashier’ 

and (much) greater than that by the reforest; 

- (v) Overall water use by the reforest exceeds that of the fire-climax grassland; 

- (vi) On balance, the extra water use of the reforest is more than compensated by a 

greater infiltration of rainfall in the reforest, hence the trade-off is positive (higher 

baseflow); 
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- (vii) Because of higher landslide incidence in deforested grasslands and their larger 

storm runoff (cf. (iv)), amounts of sediment generated by the Imperata grassland 

greatly exceed those produced by the reforest. 

   With respect to the impacts of forest disturbance by typhoon Haiyan it is hypothesized 

further that: 

- (viii) Rainfall interception losses are strongly decreased initially by opening up of the 

canopy but approach pre-disturbance values once the foliage has returned; 

- (ix) Post-typhoon storm runoff coefficients are temporarily increased due to lower 

vegetation water use (wetter soils); and 

- (x) Post-typhoon water and sediment yields are both enhanced. 
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Figure 1.7 Location of the two study catchments near Tacloban city, Leyte Island. 

1.4 THESIS OUTLINE 

This thesis effectively consists of five papers. In Chapter 2, the key physical characteristics 

of the soils of the Basper grassland and the Manobo reforest are compared with a view 

towards identifying possible contrasts in the dominant runoff-generating pathways (surface 
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versus subsurface) at the respective sites, amongst others by comparing surface- and near-

surface saturated soil hydraulic conductivities with prevailing rainfall intensities. In Chapter 

3, the measured (as opposed to inferred) runoff response to rainfall of the Imperata grassland 

catchment is analysed for pre- and post-typhoon conditions, along with corresponding 

estimates of catchment water and sediment yields (both suspended sediment and bedload). 

Prior to presenting a similar comparative analysis for the semi-mature Manobo reforest in 

Chapter 5, Chapter 4 quantifies the amount of rainfall interception before the major canopy 

disturbance inflicted by typhoon Haiyan at Manobo and assesses the impact of the latter using 

the revised version of Gash’s analytical model. Apart from presenting an analysis of the 

runoff response to rainfall and approximate water budget of a semi-mature reforest, Chapter 

5 focuses in particular on the local claim that reforesting the former Imperata grassland has 

made streamflow from the forest perennial (a first for the humid tropics). Taking the Basper 

grassland situation as the baseline, the ‘trade-off’ between the changes in vegetation water 

use after reforestation on the one hand, and in overall rainfall infiltration and retention on the 

other hand, is quantified. Chapter 6 explores the runoff generating processes underlying the 

observed contrasts in runoff response to rainfall between the two study catchments further, 

using various chemical and stable isotope tracer-based techniques (notably mixing models). 

Finally, in Chapter 7 the main conclusions emerging from the present work are summarized, 

accompanied by various recommendations for additional research with respect to improved 

soil physical and runoff response characterization of degraded tropical headwater catchments 

targeted for reforestation.  
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Chapter 2 

Soil physical characteristics of a degraded tropical grassland and a 

‘reforest’: Implications for runoff generation1  

 

ABSTRACT: Imperata grassland soils are widely perceived as having poor physical and 

chemical properties that render them unproductive and prone to erosion. They are therefore 

increasingly targeted for reforestation across the tropics. To better understand how 

reforestation and forest growth affect soil hydrological processes we compared the soil 

physical characteristics for an Imperata grassland and a 23-year-old ‘reforest’ on Leyte 

Island, the Philippines. Saturated hydraulic conductivity (Ksat) was determined in the field 

(Amoozemeter, 20–90 cm depth) and the laboratory (small-core permeametry). Core-based 

values of Ksat were (much) lower than field-based values, suggesting macropores were not 

sampled adequately with the small cores. Ksat decreased exponentially with depth in both 

land-cover types, with a median field-measured Ksat of the grassland of 2.1 mm h-1 at the 

surface and 2.9 mm h-1 at 20–40 cm depth, declining to  1 mm h-1 below 60 cm. 

Corresponding values for the reforest were 59 (at 20 cm), 37 (at 40 cm) and 7.3 mm h-1 (at 

60–100 cm depth). Reforest Ksat-values down to 60 cm depth were significantly higher than 

corresponding values in the grassland, but the difference disappeared at 90 cm depth. Organic 

carbon content in the top 40 cm of soil was slightly higher in the reforest than the grassland. 

Bulk density was higher and porosity marginally lower in the grassland than in the reforest at 

all depths considered. The median five-min rainfall intensity (June 2013–May 2014) was 3.2 

mm h-1, suggesting that >50% of the rainfall might generate Hortonian overland flow in the 

grassland. Overland flow is unlikely in the reforest where lateral flow is likely to be 

generated around 60 cm depth for ~30% of rain-time, versus 2–3% between 20–60 cm. 

Within the limitations of the space-for-time substitution approach, these results suggest that 

23 years of forest development at Manobo had a positive effect on hillslope hydrological 

functioning. 

1 This chapter is based on Zhang J, Bruijnzeel LA, Quiñones CM, Tripoli R, Asio VB, van Meerveld HJ. 2018. 
Soil physical characteristics of a degraded tropical grassland and a ‘reforest’ : Implications for runoff 
generation. Geoderma 333: 163–177. 
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2.1 INTRODUCTION 

   Heavy logging and decades of increasingly intensive slash-and-burn agriculture have turned 

extensive areas of once lush tropical forest lands to fire-climax grasslands dominated by 

Imperata cylindrica (L.) P. Beauv. (spear grass) across South-east Asia. Using land-cover 

inventory data from the 1980s and early 1990s, Garrity et al. (1997) estimated the total area 

under Imperata grassland in South- and South-east Asia at the time at about 35 million ha 

(range: 21–57 million ha), adding that the actual area is likely larger because grassland 

patches that were too small to appear on national land-use maps were excluded from the 

analysis. Furthermore, the frequency of wildfires in insular South-east Asia has increased 

markedly over the last two to three decades due to an intensification of both regional climate 

change (notably the frequency of El Niño-Southern Oscillation events) and forest clearing for 

extractive plantations and agriculture (Field et al., 2009; Hoscilo et al., 2011; Page and 

Hooijer, 2016) which is likely to have expanded the area under fire-climax grasslands even 

further (cf. Murniati, 2002; Van der Kamp et al., 2009). Imperata grassland soils are generally 

perceived to have poor physical properties, low organic matter and nutrient contents, and high 

exchangeable aluminium concentrations that render them unproductive and prone to erosion 

(Costales, 1979; Ohta, 1990; Concepcion and Samar, 1995; Santoso et al., 1997; Handayani 

et al., 2012). In addition, burning and grazing are known to intensify surface runoff and 

sediment production (Coster, 1938; Jasmin, 1976; Chandler and Walter, 1998). As a result, 

fire-climax grasslands across the tropics are increasingly targeted for conversion to more 

productive and environmentally benign forms of land use, such as reforestation (Otsamo, 

2000; Wishnie et al., 2007; Le et al., 2012; Ancog et al., 2016) and – in areas with high land 

pressure – cultivation systems that integrate trees with agricultural crops and soil 

conservation measures (Van Noordwijk et al., 1997; Murniati, 2002; Snelder and Lasco, 

2008; Handayani et al., 2012). Whilst the recurring fire typically associated with these 

grasslands (Malmer et al., 2005) usually prevents the re-establishment of forest through 

natural regeneration, Imperata can be shaded out by planting fast-growing trees in 

combination with intensive initial soil management (Otsamo, 2000; Murniati, 2002). The 

shading afforded by the new trees not only reduces the competitive ability of the grasses but 

also promotes the germination and subsequent development of seedlings of native species, 

resulting in mixed stands with the planted (usually exotic) trees initially dominating the main 

canopy and naturally regenerating native species being dominant in the understory 

(Kuusipalo et al., 1995; Otsamo, 2000; cf. Willis et al., 2016). Upon maturation, this kind of 
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forest neither classifies as a traditional plantation forest nor as fully naturally developed 

secondary forest, hence within the context of tropical forest landscape restoration activities 

the term ‘reforest’ has been proposed for these multi-species ecosystems (Chazdon et al., 

2016). Where resin- or fruit-producing trees make up a sizeable proportion of the planted 

mixture, the term ‘agroforest’ (de Foresta and Michon, 1997; cf. Snelder and Lasco, 2008) is 

often used as well. 

   The Philippines, where Imperata and related grasslands (locally referred to as cogon) cover 

as much as 17% of the total land area (~5 million ha; Garrity et al., 1997), launched an 

ambitious ‘National Greening Program’ in 2011 targeting tree planting on 1.5 million ha of 

degraded land (much of it cogon) during an initial period of six years (Aquino and Daquio, 

2014). According to FAO (2016), the Philippines managed to reforest an impressive 240,000 

ha between 2010 and 2015, thereby turning the net loss of forest cover of the previous 

decades into a net gain and joining China, India and Vietnam as so-called ‘forest transition’ 

countries (Meyfroidt and Lambin, 2011). However, indiscriminate large-scale planting of 

trees for carbon sequestration, combating surface erosion, or improving livelihoods has also 

attracted considerable criticism, mostly in terms of adverse effects on catchment water yields 

(Jackson et al., 2005; Trabucco et al., 2008; Cao et al., 2011). At the same time, reports of 

improved dry-season flows after reforesting degraded land have begun to appear in the 

literature (Zhou et al., 2010; Krishnaswamy et al., 2012; Choi and Kim, 2013, 2015), 

suggesting that under certain conditions (e.g. advanced land degradation) the higher water use 

of planted or regenerating trees may be more than compensated by the gradually improving 

capacity of the soil to accommodate and retain intensive rainfall (the so-called ‘infiltration 

trade-off’ hypothesis; Bruijnzeel, 1989, 2004; cf. Chandler, 2006). Surface infiltration 

capacity increased after reforesting fire-climax grasslands for a 12-year-old teak plantation in 

Sri Lanka (Mapa, 1995) and 40-year-old mahogany or pine stands in the Philippines 

(Baconguis and Daño, 1984) but not in the case of Pinus caribaea in Fiji, due to inherent soil 

textural differences between the respective sites (Waterloo, 1994). Snelder (2001a) reported 

much lower infiltrability for Imperata grassland soils in the northern Philippines compared to 

adjacent forest patches although no significant difference was observed between heavily 

grazed and regularly burned cogon, and lightly grazed and occasionally burned cogon. 

However, none of these studies compared rainfall intensity characteristics with infiltrability 

or saturated soil hydraulic conductivity (Ksat) profiles with depth to infer the prevailing 
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dominant (near-)surface runoff generation mechanisms (cf. Ziegler et al., 2004; Bonell et al., 

2010; Ghimire et al., 2014). 

   As part of a study examining the possible causes of an alleged improvement of dry-season 

streamflow due to soil improvement after reforesting a degraded Imperata grassland area on 

the island of Leyte (the Philippines) using a space-for-time substitution approach (Walker et 

al., 2010), we measured key soil physical characteristics of a degraded Imperata grassland 

(Basper site) and a nearby 23-year-old reforest site established on former cogon land and 

underlain by the same rock- and soil type (Manobo site). Evaluation of the changes in soil 

characteristics associated with plantation maturation or forest regeneration in real time would 

require a correspondingly long period of periodic re-sampling of the respective sites (Alegre 

and Cassel, 1996; Yonekura et al., 2010; Zimmermann et al., 2010; Ghimire et al., 2014; cf. 

discussion in Johnson and Miyanishi, 2008). Hence, for practical reasons most studies have 

resorted to a space-for-time substitution in which comparable initial conditions are assumed 

for carefully selected sites (e.g. Ziegler et al., 2004; Zimmermann et al., 2006; Hassler et al., 

2011; Zwartendijk et al., 2017). Rock type (gabbro), basic soil type (Eutric Cambisols), slope 

steepness (20–30o) and aspect (southerly), as well as climate were the same for the Basper 

grassland and Manobo reforestation sites. The pre-reforestation land use at Manobo (see 

Sections 2.2.1 and 2.4.1) was also similar to that at Basper. These similarities between the 

two sites suggest that meaningful comparisons can be made (cf. Walker et al., 2010). 

Measured variables included soil texture and organic carbon content, bulk density and 

porosity, as well as Ksat down to a depth of 100 cm. In addition, rainfall intensity and soil 

moisture content at different depths were measured continuously to infer potential differences 

between the two sites in terms of the frequency of occurrence of infiltration-excess (IOF) and 

saturation-excess overland flow (SOF; Dunne, 1978; cf. Bonell, 2005). Specifically, we 

hypothesized that: (i) surface Ksat associated with the semi-mature reforest would be 

significantly higher than for the Imperata grassland; (ii) surface Ksat in the grassland would 

be low enough for IOF and SOF to occur regularly; and (iii) variation in Ksat with depth in the 

reforest is such that runoff would consist predominantly of lateral subsurface stormflow 

(SSSF; Elsenbeer, 2001; cf. Bonell, 2005). 
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2.2 MATERIALS AND METHODS 

2.2.1 Study area 

   Two small headwater catchments with contrasting land cover but the same geological 

substrate (gabbro; Dimalanta et al., 2006), soil type (Eutric Cambisols) and similar elevation 

range and aspect (southerly) were selected near Tacloban City, NE Leyte Island, the 

Philippines, for comparative soil physical and hillslope hydrological response 

characterization: (i) Basper (3.20 ha; central coordinates 11°15' N and 124°57' E; elevation 

range: 50–135 m a.s.l)) representing a fire-climax grassland and (ii) Manobo (8.75 ha; 

11°17´N, 124°56´E; 33–200 m a.s.l) representing a ~23-yr old community-managed multi-

species reforest. The two sites are ~3.5 km apart. Soils in both locations have a 

predominantly clay loam texture grading to sandy clay loam below 0.9 m depth (see also 

Results below). At Basper, the upper slopes are straight to slightly concave while the lower 

slopes steepen towards the stream; the average slope is ~23º. Landslide scars are prominent 

(Figure 2.1a). The vegetation consists of cogon grass (Imperata cylindrica L.) on the ridges 

and upper slope segments, with the grass being mixed with sedges (Cyperus sp.) in less well-

drained parts; mixed grassland and shrubs (<1.5 m high; mostly Melastoma malabathricum 

(L.) Smith and Chromolaena odorata (L.) R.M. King & H. Robinson) dominate the mid-

slope, while shrubs and young trees (2–3 m high; mostly Neonauclea lanceolata (Blume) 

Merr. and Leukosyke capitella Wedd.) are common on the lowermost slopes near the streams, 

along with a few remnant planted Acacia mangium Willd trees near the outlet (Figure 2.1a). 

Although regularly burned in the past, the area did not experience any fire after 2003 and was 

not grazed at the time of the study (2013–2014). Remnants of rudimentary terraces beneath 

the grasses are visible in sequential satellite images from 2003–2006 in the eastern half of the 

micro-catchment, suggesting previous cultivation; in 2013, a few remnant coconut trees were 

present in the summit grassland area only (Figure 2.1a). Due to the prevalence of landsliding 

on the steeper slopes, habitation, grazing, and annual cropping are restricted to the gentler 

slopes downstream of the investigated micro-catchment. Past grazing of the steeper slopes 

cannot be excluded given the proximity of the site to various valley settlements. 

   Coming originally from the Agusan del Sur region in Mindanao, the displaced Manobo 

tribe arrived in Leyte island in the mid-1980s where they were assigned a barren and eroding 

cogon wasteland near Barangay Bagacay (Tacloban) as their new home. As forest dwellers 

with ample expertise in the use of both wild and cultivated plants, their first activity was to 
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establish home gardens (i.e. an agroforest as defined by de Foresta and Michon, 1997) on the 

gentler slopes surrounding their new settlement. To provide themselves with a future source 

of income from timber harvesting and because the streams emanating from the grassland 

typically stopped flowing late in the dry season, the tribe members began planting large 

numbers of Gmelina arborea Roxb. ex Sm. and mahogany (Swietenia macrophylla King) 

trees in 1990 in the firm belief that this would bring back year-round streamflow (U. Padecio, 

personal communication). In addition, coconut palms (Cocos nucifera L.) were planted 

(<5%), while subsequently, after shading out the Imperata grasses, an array of medicinally 

useful plants and rattans (Calamus spp.) were added. Although frequently burnt (and 

previously cultivated), the grassland had not been grazed prior to reforestation. In 1992, the 

tribe received support from the local government for the production of tree seedlings and 

obtained a ‘land management permit’ while, in addition, tribe members became involved on a 

paid basis in the gradual expansion of the reforested area (up to 192 ha by 2007; D. and U. 

Padecio, personal communication). At the start of our study (June 2013), the ~23-year-old 

forest consisted of a mixture of planted exotic and native trees, as well as numerous naturally 

regenerating species. The average canopy height was 7.3 m and the basal area 15.3 m2 ha-1 

(for trees with a diameter at breast height ≥ 5 cm), with an estimated above-ground biomass 

of ~150 t ha-1 (J. Herbohn, personal communication). More than 50 different tree species 

were recorded in an 1850 m2 plot in May 2013. Ground cover by herbs and litter was roughly 

63% (Figure 2.1b; Chapter 4). Selective logging and harvesting of mahogany and Gmelina 

took place on several occasions in the past, amongst others during salvage operations after 

typhoon-inflicted forest damage in 2008. Thus, although the Manobo forest does not classify 

as a plantation or secondary forest in the traditional sense (cf. Lamb, 1998) nor as an 

agroforest because of a lack of fruit and extractive trees (de Foresta and Michon, 1997), it 

does represent the type of multi-species ecosystem for which the term ‘reforest’ was coined 

by Chazdon et al. (2016). Slopes in the Manobo study area are concave (foot-slopes) to 

convex higher up, with the steepest gradients (25–30o) associated with the upper parts of the 

slopes. Landslide scars and gullies are still visible inside the forest, but these have stabilized 

and surface erosion is currently considered minimal. 
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Figure 2.1  a. Basper fire-climax grassland micro-catchment; b. Manobo reforest interior.
Photos by L.A. Bruijnzeel.

   The climate at both locations is tropical ever-wet (Köppen-type Af) with small seasonal 

variations in average monthly temperatures (25.7 °C in January to 28.1 °C in May) and 

humidity (81–86%) measured at Tacloban Airport (3 m a.s.l.). Mean annual precipitation at 

Tacloban Airport between 1977 and 2011 (excluding a minor data gap from April-June 1986; 

PAGASA Office, Tacloban) was 2660 mm (range: 1435–4790), distributed over on average 

195 rain days (i.e. with ≥ 0.5 mm of rain). On average, five out of 12 months receive >200 

mm of rainfall each (classifying them as ‘very wet’), while the remaining seven months 

have >100 mm each (‘wet’) on average. Although typhoons and tropical storms are a regular 
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phenomenon and contribute ~30% of annual rainfall in the Philippines (Cinco et al., 2016), 

the vegetation of the study sites only sustained major typhoon-related damage in June 2008 

(typhoon Frank) and, especially, November 2013 (typhoon Haiyan; cf. Chapter 4). Between 

1977 and 2011, a total of 95 days (1.4% of all rain days) received more than 100 mm of rain 

per day. Further information on rainfall intensities is given under Results (section 2.3.3). 

2.2.2 Experimental design, soil sampling and determination of basic soil parameters 

  Soil profile characterization at the two study sites was done in a stratified manner based on 

topography (lower, middle, and upper slope). Six soil pits (1 m × 1 m × 1 m each) were dug 

in the grassland and eight in the Manobo reforest (see Figures. 2.2a and 2.2b for respective 

locations). The soil profiles (each containing 5–7 horizons) were described according to FAO 

(2006) (see Supporting Table 2.1 for summary descriptions). Three replicate soil samples 

were taken from each horizon and bulked to a single sample per horizon per pit for textural 

and organic carbon analysis at the Visayas State University (VSU) soils laboratory. Samples 

were air-dried and sieved to 2 mm; silt- (0.02–0.002 mm) and clay fractions (< 0.002 mm) 

were determined using the pipette method (Gee and Bauder, 1986). The sand fraction (0.02–2 

mm) was obtained by subtracting the sum of the silt- and clay fractions from the total. Sieved 

(< 0.425 mm) soil material was used for the analysis of organic carbon by the modified 

Walkley-Black method (Nelson and Sommers, 1982). Further, three 100-cm3 core samples 

were collected from each of the first three to four horizons from each soil profile and 

analyzed at the ACIAR project laboratory at VSU. Great care was exerted to avoid 

compaction of the samples during coring. For measurement of porosity, the cores were 

weighed after saturation until constant weight (Danielson and Sutherland, 1986). Volumetric 

moisture content at field capacity (θFC) was determined on the same cores by weighing them 

after three days of gravity drainage following initial saturation, rather than according to the 

strict definition of moisture content at a suction of 333 hPa (Koorevaar et al., 1983). 

Drainable pore space (DPS) was derived from the difference between moisture contents at 

saturation (θSAT, i.e. porosity) and field capacity (θFC). Dry bulk density was determined after 

drying the cores for 24 h at 105 0C (Blake and Hartge, 1986). 

   The saturated soil hydraulic conductivity (Ksat) describes the rate of steady-state infiltration 

(at the surface) or percolation (at depth) under saturated conditions. A soil corer was used to 

extract 100-cm3 core samples from the mid-point of each soil horizon (three replicates) in 

each soil pit for the determination of Ksat in the ACIAR-project laboratory at VSU using a 

permeameter (Eijkelkamp, the Netherlands) in constant-head or falling-head mode depending 
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on the conductivity of the sample (Kessler and Oosterbaan, 1973). Additional core samples 

were taken from the top 11 cm layer away from soil pits (20 in the grassland and 24 in the 

Manobo forest). In addition, a constant-head well permeameter (CHWP; Amoozegar, 1989) 

was used to measure Ksat in the field at depths between 20 cm and 90 cm. Up to 47 CHWP-

measurements were made in 21 boreholes within the Basper grassland, sedge and young 

shrub areas. In the Manobo reforest, 44 measurements were made in 18 boreholes, with an 

additional four measurements in two boreholes in a nearby remnant hilltop Saccharum 

grassland. All boreholes (5.6 cm diameter) were carefully brushed to minimize smearing of 

the side walls during augering (which would cause under-estimation of Ksat; Chappell and 

Lancaster, 2007). For the same reason, tests were conducted during relatively dry periods 

(mostly September/October 2013) as smearing tends to be more pronounced in wet soils 

(Bonell et al., 2010). A constant head of 14 ± 1 cm was applied for all tests. Finally, in July 

2017, steady-state surface infiltration rates were measured at 13 locations near former soil 

pits at Basper using a portable double-ring infiltrometer (15 and 21 cm inner and outer 

diameters, respectively; Tricker, 1981) to confirm the very low values of surface Ksat obtained 

for the small-core samples.  

2.2.3 Precipitation and soil moisture measurements 

  Rainfall was measured continuously for one year at two sites in Basper and Manobo (see 

Figure 2.2 for locations) using Onset tipping-bucket rainfall recorders (RG3; 0.25 mm per tip, 

confirmed by manual calibration). Each gauge was linked to a HOBO Pendant event data-

logger and accompanied by a standard manual rain gauge (100 cm2 orifice) that was read 

daily as a check. Daily rainfall amounts did not differ significantly between the two areas 

(p > 0.05); the lower gauge at Basper was selected to represent local rainfall intensity 

characteristics as it had the most complete record and was least affected by high wind speeds 

during typhoon events. From the 5-min rainfall record, median and maximum equivalent 

hourly rainfall intensities for 5-, 15-, 30- and 60-min periods were derived for comparison 

with median surface- and subsurface Ksat-values for the grassland- and forest soils to infer the 

dominant runoff processes and pathways (Ziegler et al., 2006; Zimmermann and Elsenbeer, 

2009). Similarly, the frequency distribution functions of 5–60 min rainfall intensities were 

compared with the Ksat-values to obtain a first estimate of the duration of rain-time that flow 

might be impeded at different depths (Zimmermann et al., 2006).  

   Volumetric soil moisture content (θ) was monitored at 5-min intervals at two locations 

within the grassland (Figure 2.2a) and at a single site in the reforest (Figure 2.2b). At mid-
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slope positions in the forest (site S3) and in the grassland (site S2, Imperata), six MP-306 

sensors (ICT International, Australia) were installed at depths of 0.1, 0.2, 0.4, 0.6, 0.8, and 

1.1 m, respectively. The sensors were connected to an ICT International Microvolt data-

logger with a rechargeable battery powered by a solar panel. In addition, four EC-5 Moisture 

sensors (Decagon, USA) were installed at depths of 0.15, 0.35, 0.50, and 0.70 m, 

respectively, at a ridge-top site in the grassland (site S1, mixture of Imperata and sedges 

suggesting poorer drainage), and connected to a Decagon EM50 data-logger. Soil moisture 

contents were measured at 5-min intervals. Near-surface soil moisture records were examined 

for periods with high and near-constant values that were similar to the porosity for that layer 

to detect likely periods of saturated conditions and thus potential occurrence of SOF (Hessel 

et al., 2007). 

 

Figure 2.2 Maps of (a) the Basper grassland micro-catchment and (b) the Manobo reforest 
catchment showing drainage lines, contour lines (10 m interval) and locations of soil profiles, 
Amoozemeter measurements, and basic hydrological instrumentation. 
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2.2.4 Inferring dominant stormflow mechanisms and pathways  

   The way rainfall runs off (or through) a hillslope during rainfall events (often referred to as 

the ‘dominant’ stormflow mechanism or ‘preferred’ stormflow pathway) in the wet tropics is 

governed primarily by the interplay between prevailing rainfall intensities and the vertical 

distribution of Ksat within the soil profile and underlying (saprolitic) rock (Elsenbeer, 2001; 

Chappell et al., 2007). Thus, the partitioning of rainfall at the surface into water that runs off 

as infiltration-excess overland flow (IOF; Dunne, 1978) and water infiltrating into the soil is 

often inferred from the comparison of (median) surface Ksat with median or maximum rates 

of incident rainfall (i.e. rainfall intensity, expressed in mm h-1) over a given time interval. 

Similarly, comparing median or maximum rainfall intensity with subsoil Ksat-values allows 

inferring the likely depth at which percolating water is likely to pond and deflected laterally 

as subsurface stormflow (Elsenbeer, 2001; Chappell et al., 2007; Zimmermann and 

Elsenbeer, 2009). Alternatively, where a layer of low conductivity occurs at shallow depth, 

saturation of the top layer may happen when the prevailing rainfall intensity exceeds the Ksat 

of the impeding layer for a sufficiently long period of time and saturation-excess overland 

flow (SOF) will occur (Dunne, 1978; Bonell et al., 1981). 

2.2.5 Statistical analyses 

   The textural, SOC- and soil physical data from the grassland and forest sites were first 

tested for normality using the Shapiro–Wilk statistic. For normally distributed data, an 

analysis of variance (ANOVA) was used to test for differences between means of multiple 

groups, followed by t-tests to determine which two groups were significantly different among 

the multiple groups. If only two groups of sample means were compared, the t-test was 

applied directly. For non–normally distributed data, the Kruskal-Walllis test was used to 

compare differences between median values. If the difference was significant (p < 0.05), the 

Mann-Whitney (Wilcoxon) test with Bonferroni correction was applied to allow for multiple 

comparisons between sites, soil horizons or methods (in the case of Ksat). When comparing 

two sites only, differences were examined using the Mann-Whitney (Wilcoxon) test. Box-

plots were employed to facilitate rapid visual comparisons of results between horizons and 

contrasting land covers. Spearman rank correlation (rs) analysis was used to examine 

correlations between Ksat and the other investigated soil variables. A significance level of 0.05 

was used for all statistical tests. Statgraphic Centurion XVII version 17.2.00 software was 

used for all statistical analyses. 
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2.3 RESULTS 

2.3.1 Basic soil physical properties: fire-climax grassland vs. multi-species reforest 

   The main soil textural class at both locations was sandy clay loam, although the top 40 cm 

at Basper was classified as a clay loam (Table 2.1). Sand contents below 40 cm depth were 

greater than higher up in the soil profile at both locations, while silt and clay contents tended 

to decrease in the subsoil (Table 2.1). Overall, the topsoil in the reforest was significantly 

sandier than that of the grassland, while the silt content of the two top layers (10 and 20 cm) 

and the lowermost layer (60–100 cm) was lower than in the grassland. Otherwise, the two 

subsoils were comparable (Table 2.1). Soil organic carbon (SOC) was highest in the top 10 

cm (2.3 versus 2.7 % for the grassland and reforest, respectively; difference not significant) 

and decreased with depth at both locations. SOC in the upper 20 cm of the grassland soil was 

significantly higher than in any other layer, while SOC at Manobo was significantly higher in 

the upper 40 cm compared to the soil below. Average SOC-values at 10, 20 and 40 cm depth 

in the Manobo reforest were somewhat higher than at corresponding depths in the Basper 

grassland (p = 0.079, 0.016 and 0.086, respectively), but the difference disappeared at greater 

depths (Table 2.1). 

   Topsoil dry bulk density (BD) in the grassland (0–20 cm) was significantly lower than at 

40–90 cm depth. In the reforest, BD did not vary significantly across the first 40 cm of soil 

and was higher deeper in the soil profile (Table 2.2 and Figure 2.3a). Manobo reforest BD-

values were significantly lower than corresponding values beneath the Basper grassland for 

all depths considered (Figure 2.3a). Values of porosity (θSAT, Figure 2.3b), moisture content at 

field capacity (θFC, Figure 2.3c), and drainable pore space (DPS, Figure 2.3d) generally 

decreased with depth in the grassland soil although variability was high and only the values 

for the upper- and lowermost layers differed significantly (Table 2.2). No trends with depth 

were observed for any of these variables in the reforest, although θSAT of the forest soil (but 

not θFC) was higher than θSAT in the grassland at all depths (Table 2.2; Figure 2.3). 
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Table 2.1 Soil texture and organic carbon (SOC) at different depths at the fire-climax 
grassland (Basper) and reforest (Manobo) sites. Values for size fractions are means (± 
standard deviations) while SOC-values are medians (± median absolute difference). n = 
number of samples. Textural classes: CL = clay loam; SaCL = sandy clay loam. The asterisk 
denotes statistically significant (p < 0.05) differences between the two sites for a given soil 
layer. 

Site Depth 
(cm) n Sand 

(%) 
Silt 
(%) 

Clay 
(%) 

SOC 
(%) 

Soil 
texture 

Basper 
grassland 

10 6 33.7±7.5* 31.5±3.1* 34.8±5.2 2.28±0.34 CL 
20 5 33.7±8.7 30.1±3.6* 36.2±6.9 1.05±0.18* CL 
40 4 60.2±14 16.3±4.5 23.5±9.9 0.47±0.12 SaCL 
60 4 54±12.2 19.8±5.0 26.3±7.7 0.44±0.06 SaCL 
90 8 60.7±10.8 18.2±5.7* 21.1±5.2* 0.38±0.05 SaCL 

       
Manobo 
reforest 

10 10 42.5±7.7* 21.5±4.4* 36.0±5.4 2.74±0.58 SaCL 
20 9 43.1±16.5 20.3±7.3* 36.6±10.1 1.45±0.15* SaCL 
40 8 52.0±16.3 15.6±6.9 32.4±10.3 0.67±0.12 SaCL 
60 4 50.1±2.4 16.9±4.3 33.0±5.4 0.49±0.10 SaCL 
90 8 60.7±10.8   9.1±4.6* 28.3±7.6* 0.34±0.02 SaCL 

Table 2.2 Median values (± median absolute deviation) for bulk density (BD), porosity (θSAT), 
moisture content at field capacity (θFC) and derived drainable pore space (DPS = θSAT – θFC) 
at different depths under the fire-climax grassland and the reforest. No soil cores were taken 
at 90 cm depth at Manobo due to high stoniness. n = number of samples. The asterisk 
indicates a statistically significant difference (p < 0.05) between the two sites for a given 
layer; *# indicates a nearly statistically significant difference between the two sites for the 
same layer (p  0.05).  

Site Depth 
(cm) 

n 
BD 

(g cm-3) 
θSAT 
(%) 

θFC 
(%) 

DPS 
(%) 

Basper 
grassland 

10 41 1.14±0.08* 50.6±7.4 42.6±3.9 9.0±3.2 
20 12 1.29±0.05* 46.8±3.9 39.3±4.1 7.7±3.0 
40 12 1.33±0.05 *# 42.9±6.7 35.9±6.9 7.3±3.7 
60 9 1.36±0.01* 47.2±6.5 37.5±2.1* 11.4±4.3 
90 12 1.38±0.07 41.6±1.4 38.4±1.9 3.2±1.1 

       
Manobo 
reforest 

10 32 1.03±0.11* 52.5±3.0 44.3±7.6 6.6±3.9 
20 35 1.12±0.12* 48.9±4.1 39.6±5.1 8.5±6.0 
40 6 1.23±0.12*# 51.4±6.15 33.0±6.3 14.7±3.0 
60 6 1.21±0.06* 47.0±2.0 41.4±1.7* 6.3±2.0 
90 0 - - - - 
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Figure 2.3 Box plots of (a) soil bulk density (g cm-3), (b) porosity (%), (c) moisture content at 
field capacity (%), and (d) drainable pore space (%) at different depths below the soil surface 
at the Basper grassland (BG; orange) and Manobo reforest sites (MF; green). The box 
indicates the 25th and 75th percentiles, the solid line the median, the whiskers extend to the 
10th and 90th percentile and the dots represent all outliers. 
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2.3.2 Saturated soil hydraulic conductivity  

   The Ksat-values of the small cores analysed in the laboratory and the Ksat-measurements in 

the field were highly skewed, both in the Basper grassland and in the Manobo reforest 

(Supporting Figures 2.1a–d). Values of median Ksat derived for sites with Imperata, mixed 

grasses and sedges, or low shrub in the Basper area did not differ significantly, hence the data 

were pooled, although Ksat at 20 cm depth beneath sites with grasses or sedges tended to be 

somewhat higher than below young shrub (~3.5 versus 1.1 mm h-1).  

   The median surface layer’s Ksat measured with the double-ring infiltrometer in the Basper 

grassland (2.1 mm h-1) was distinctly higher than Ksat for the top-layer determined for the 

small cores (median: 0.4 mm h-1; Table 2.3). Indeed, at 0.10–0.17 mm h-1, core-based values 

of Ksat were very low and also much lower than those determined in the field (0.7–2.9 mm h-

1), except at 90 cm depth where the two methods gave more similar results (Table 2.3 and 

Figure 2.4). Median field-based Ksat at 20 and 40 cm depth were very similar (2.8–2.9 mm h-

1), as were the ones at 60 and 90 cm (1.0 and 0.7 mm h-1, respectively), with Ksat at 90 cm 

differing significantly from that at 20 and 40 cm depth.  

   In the Manobo reforest, median core-based Ksat at 10 cm depth (368 mm h-1) was 

significantly higher than that measured at 60 cm (20 mm h-1), while the median field-based 

Ksat at 20 cm (59 mm h-1) was significantly higher than that at 90 cm only (2.6 mm h-1). Ksat 

decreased systematically with depth below the surface regardless of the method used (Figure 

2.4). Interestingly, results for the two methods did not differ significantly in the reforest for 

depths between 20–60 cm (comparative data for 10 and 90 cm depth were lacking because 

the CHWP-technique is not applicable near the surface (Amoozegar, 1989) and high 

stoniness in the subsoil precluded retrieving intact soil cores at 90 cm; Table 2.3). While 

median field-based Ksat-values at any depth between 20 and 60 cm in the reforest were much 

higher than measured at corresponding depths in the Basper grassland (p < 0.05), the median 

Ksat at 90 cm did not differ significantly between the two sites (Table 2.3 and Figure 2.4). The 

median field-based Ksat at 20 and 40 cm depth in the nearby remnant Saccharum grassland at 

Manobo (13.3 and 2.8 mm h-1, respectively, n = 4) were very similar to the medians obtained 

at 60–70 cm and 90 cm depths within the reforest (20 and 2.6 mm h-1, respectively; Table 

2.3). 
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Figure 2.4 Median saturated soil hydraulic conductivity (Ksat) at different depths beneath the 
soil surface for the Basper fire-climax grassland (BG; orange), the Manobo reforest (MF; 
green) and the Manobo remnant grassland (MG; blue) using double-ring infiltrometer (DRI; 
dotted), constant-head well permeameter (CHWP; solid); laboratory permeametry on small 
cores (Core; hatched). Whiskers denote median absolute deviation (MAD). The red solid and 
dashed lines indicate the median (3.2 mm h-1) and 95th percentile of the 5-min rainfall 
intensity (33.5 mm h-1), respectively. 

Table 2.4 Spearman-rank correlations between selected soil physical characteristics. Data 
were pooled for the Basper grassland and the Manobo reforest. Ksat = saturated hydraulic 
conductivity (mm h-1); BD = bulk density (g cm-3); θSAT = porosity (%); θFC = moisture 
content at field capacity (%); SOC = soil organic carbon (%). Significance of correlations 
indicated as follows: *** p < 0.001; ** p < 0.01; * p < 0.05. (Near-) surface Ksat-data were 
obtained from small cores (Manobo reforest) or double-ring infiltrometry (Basper grassland), 
and constant-head well permeametry for the subsoil. 

  Ksat Clay Silt BD θSAT  θFC  

Clay 0.19             

Silt -0.23 0.38*           

BD -0.75*** -0.22 0.21         

θSAT 0.42* 0.23 -0.11 -0.77***       

θFC 0.49** 0.34 0.05 -0.59*** 0.60***     
SOC 0.47** 0.18 0.11 -0.59*** 0.38* 0.57** 
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   Table 2.4 lists the Spearman-rank correlations between the Ksat-data per soil horizon and 

various soil physical parameters. Ksat was correlated most strongly with bulk density (rs = -

0.75, p < 0.001), followed by soil moisture content at field capacity (θFC, rs = 0.49, p <0.01), 

SOC (rs = 0.47, p < 0.01) and porosity (rs = 0.42, p < 0.05), while the correlation with soil 

texture was not significant. Bulk density had a negative effect on both porosity (rs = -0.77, p 

< 0.001) and θFC (rs = -0.59, p < 0.001), while SOC was inversely related to BD (rs = -0.59, p 

< 0.001) and positively to θFC (rs = 0.57, p < 0.01). 

2.3.3 Comparison of soil hydraulic conductivity with rainfall intensity 

   Table 2.5a summarizes rainfall intensity characteristics for different time intervals up to 60 

min. For intervals of 15–60 min, frequencies of occurrence varied little but low rainfall 

intensities were more frequent for the two shortest measurement intervals (i.e. 5–10 min; 

Table 2.5a). As expected, regardless of the time interval under consideration, the majority of 

rainfall (65–75%) was delivered during times of relatively high rainfall intensity (>75th 

percentile; Supporting Figure 2.2). As much as 29% of the annual rainfall (or 945 mm) fell at 

a 5-min intensity > 33.5 mm h-1. A comparison of the median and 95th percentile values of 5-

min rainfall intensities (R5) measured at Basper during the June 2013–May 2014 study year, 

with the respective Ksat-profiles indicated that the median R5 (3.2 mm h-1) exceeded the 

median Ksat for the Basper grassland soil as a whole (i.e. the pooled data for Imperata, mixed 

grasses and sedges, and young shrub) at all depths (Figure 2.4). However, at 3.5–3.6 mm h-1, 

values of median Ksat at 20 cm depth beneath Imperata or a mixture of sedges and Imperata 

were slightly higher than the median R5 while the median Ksat below young shrub (1.1 mm h-

1) was lower, suggesting IOF to be more likely in young shrub than in the grassland proper. 

Furthermore, water accumulation and saturation would be expected to occur primarily at the 

top of the 40–70 cm layer (median Ksat = 1.2–1.8 mm h-1 beneath grass / shrub). 

   Conversely, the soil in the Manobo reforest would accommodate the median R5 down to a 

depth of 90 cm (median Ksat = 2.6 mm h-1), and the 95th percentile of R5 (33.5 mm h-1) down 

to a depth of ca. 40 cm (median Ksat = 30–37 mm h-1; Table 2.3). The remnant grassland at 

Manobo represented an intermediate situation in that Ksat both at 20 cm and 40 cm depth 

exceeded the median R5, but not the 95th percentile (Figure 2.4). Comparing the 5-min rainfall 

intensity distribution function with the Ksat profile for the Manobo reforest (Figure 2.5) 

suggested intensities to exceed Ksat at 20, 40 and 60 cm depth for, respectively, ~1%, 4% and 

10% of total rain-time (versus 100% at 90 cm depth; Table 2.5b).  
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Table 2.5 (a) Characteristics of the hourly equivalent rainfall intensities for different time 
intervals (5–60 min, all in mm h-1) at the Basper grassland site for 99 events with at least 5 
mm of rainfall, separated by at least 6 h without rain; (b) Corresponding frequencies of 
exceedance (per cent of rain-time) of saturated soil hydraulic conductivities (Ksat, in mm h-1) 
at different depths at the respective sites. BG = Basper grassland; MG = Manobo remnant 
grassland; MF = Manobo reforest. 

 I_5 I_15 I_30 I_60 Event 

Min. 3.0 1.0 0.5 0.25 3.0 

25% 3.0 1.0 0.5 0.3 6.4 

Median 3.2 2.1 1.5 1.0 10.2 

75% 9.1 5.4 4.1 2.8 16.8 

95% 33.5 22.4 18.3 12.4 26.4 

Max. 137 127 109 87 41.5 

Frequency of exceedance (% of time) 

BG surface MG 20 cm MF 20 cm MF 40 cm MF 60 cm MF 90 cm 

Ksat (mm h-1) 2.13 13.3 59 37 20 2.6 

I_5 100 28 2 7 18 100 

I_15 65 15 1 3 9 57 

I_30 53 10 0.2 1 6 46 

I_60 41 6 0.2 0.2 3 34 
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Figure 2.5 Cumulative frequency distributions of hourly equivalent rainfall intensities for 
various durations (5, 15, 30 and 60 min) at the lower Basper rainfall measuring station 
during the June 2013–May 2014 study period, and median saturated soil hydraulic 
conductivities (Ksat) at the surface (Basper grassland; red line) and at 20 cm (solid line), 40 
cm (long dashed line), and 60 cm (short dashed line) at the Basper grassland (orange), 
Manobo reforest (green) and Manobo remnant grassland sites (blue-grey). 

 

2.3.4 Soil water dynamics 

   To further examine the possibility of (prolonged) soil saturation at different depths beneath 

the two land covers, time series of volumetric soil water contents (θ) measured at sites S1 

(upper slope, grassland), S2 (mid-slope, grassland) and S3 (mid-slope, reforest) are compared 

in Figure 2.6. As expected, the amplitude of θ decreased with depth below the surface for all 

three monitored soil profiles (Figure 2.6). Furthermore, the upper slope soil profile at Basper 

(where the presence of sedges indicated relatively poor drainage) showed frequent saturation 

during rainy periods, both in the top layer (10 cm, inferred saturation for 68% of the time), as 

well as at 45 cm and (especially) 55 cm depth (persistent saturation), but not at 30 cm (Figure 

2.6a). Conversely, saturation only seemed to occur regularly around 20 cm depth in the better 

drained mid-slope location at Basper, although during rainy periods soil moisture at 40–60 

cm depth was rarely more than 4% below the porosity, indicating frequent near-saturated 

conditions at these depths (Figure 2.6b). In contrast, the comparison of θ with θSAT at 
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different depths in the Manobo reforest suggested only occasional saturation around a depth 

of 20 cm (for ~5% of the time) and near-saturation at 60 cm depth, but not at 40 cm (Figure 

2.6c). 

 

 

Figure 2.6 Time series of hourly rainfall intensity (a) and volumetric soil water content 
(SWC, %) at different depths at: the Basper grassland upper slope site (b), Basper mid-slope 
site (c), and Manobo mid-slope site (d). Estimates of porosity in the Ap-, AB- and BW-layers 
are indicated by dashed lines.
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2.4 DISCUSSION 

2.4.1 Limitations of the space-for-time substitution approach 

   A key assumption when using the space-for-time substitution approach to evaluate changes 

in soil characteristics due to land-cover change is that the sites were ‘identical’ in terms of 

intrinsic soil properties, like texture and structure, land use and degree of degradation before 

the change. This assumption has been questioned and debated most closely in the context of 

ecological succession studies, with conclusions ranging from strong rejection in the case of 

prediction of species composition (Johnson and Miyanishi, 2008) to strong support in the 

case of soil development during succession (Walker et al., 2010). Careful site selection is 

obviously key to minimize effects of any spatial discrepancies (e.g. Ziegler et al., 2004; 

Zimmermann et al., 2006; Hassler et al., 2011; Zwartendijk et al., 2017). The two sites in this 

study are underlain by the same rock type (gabbro) and have the same basic soil type (Eutric 

Cambisol of predominantly sandy clay loam texture), whereas changes in clay content with 

depth were very similar as well (Table 2.1). In addition, the field-based texture of the top 

layer in the Basper and Manobo grassland sites was identified as clay loam in both cases. The 

grassland in the Manobo area that was to be reforested from 1990 onwards had been subject 

to repeated burning (and swidden cultivation) prior to 1986, while the grassland in the Basper 

area was last burned in 2003, with traces of earlier cultivation being visible in about half the 

catchment. As such, the fact that the Basper area has remained largely under Imperata and 

low shrub until the start of the study in 2013 does not mean that it was ignored for conversion 

to more profitable uses because of e.g. inherently poor soil fertility (cf. Quiñones, 2014). 

Rather, it is more likely that the continued landsliding caused abandonment of agricultural 

activity on the upper slopes (but not the gentler slopes below the study catchment). Similarly, 

the success of the reforestation at Manobo is due in no small measure to the vision, skills and 

determination of the tribe’s leaders (see also general discussion on reforestation failures and 

success in Le et al.(2012) and more secure land tenure, and does not necessarily reflect more 

favourable initial soil conditions. In fact, evidence of past erosion within the Manobo reforest 

abounds in the form of (now stabilized) gullies, landslide scars and sediment accumulated 

behind log jams and large boulders in the streams. Although the evidence is partly indirect 

and caution is needed when interpreting the results, this suggests that meaningful 

comparisons can be made between the two land-cover types, despite the fact that the surface 

layer in the reforest contained ~10% more sand and ~10% less silt than the Basper grassland 

soil (Table 2.1).  
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2.4.2 Basic soil properties: fire-climax grassland versus semi-mature reforest 

   Soil organic carbon content (SOC) declined rapidly with depth beneath the surface for the 

two sites (Table 2.1), in line with observations in tropical forests and grasslands across the 

globe (Jobbágy and Jackson, 2000) and in SE Asia (Ohta, 1990; van der Kamp et al., 2009; 

Yonekura et al., 2010). In humid lowland tropical forests (Burghouts et al., 1998; Yamashita 

et al., 2003; Katayama et al., 2013), as well as in tree-based agro-ecosystems (van Noordwijk 

et al., 2004), the high SOC of the top layer reflects a constant input of organic matter from 

decomposing leaf litter, along with soil macrofaunal activity and turnover of fine roots. 

However, Imperata grasslands also produce numerous rhizomes and fine roots, while 

additional carbon is supplied via earthworm casts and charred material during wildfires 

(Yonekura et al., 2010). Similar contrasts in SOC for Imperata grassland and remnant forest 

patches have been reported elsewhere in the Philippines (Ohta, 1990; Snelder, 2001a,b). 

Interestingly, although SOC concentrations in the top 40 cm in the Manobo reforest were 

higher than in the Basper grassland (Table 2.1), at 7.9 versus 7.7 kg m-2, SOC stocks were 

effectively similar due to the higher bulk density of the grassland soil (Table 2.2). These 

values represented ~70% of the carbon totals stored in the first metre of soil (estimated at 

11.2 and 10.9 kg m-2 for the grassland and reforest, respectively). Higher soil carbon stocks 

under Imperata compared to old-growth forest have also been reported for East Kalimantan 

(van der Kamp et al., 2009; Yonekura et al., 2010). This finding was attributed to the fact that 

the remaining primary forests were located on extremely infertile soils with low soil faunal 

activity while below-ground productivity of the Imperata grasses was substantial. However, 

carbon stocks increased in areas where natural forest regeneration occurred in grasslands that 

were no longer subjected to fire (van der Kamp et al., 2009; Yonekura et al., 2010; cf. Mukul 

et al., 2016).  

   For all depths considered, soil bulk density (BD) in the Basper grassland was somewhat 

higher (~10%) than in the Manobo reforest (Table 2.2). However, at 1.14 ± 0.12 g cm-3, 

average topsoil BD in the grassland was not particularly high and comparable to values 

reported for (non-grazed) Imperata grasslands in the northern Philippines (0.9–1.2 g cm-3; 

Jasmin, 1976; Costales, 1979; Ohta, 1990; Snelder, 2001b), Vietnam (1.1 g cm-3; Ziegler et 

al., 2004) or Kalimantan (1.10–1.23 g cm-3; Yonekura et al., 2010). According to local 

informants, the grassland at Basper had not been grazed for at least a decade, as also 

suggested by the lower BD value of the top layer compared to that at 15–20 cm depth (Table 

2.2). Elsewhere in the Philippines, grazing Imperata grassland had only a limited effect on 
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topsoil BD (Jasmin, 1976; Costales, 1979; Snelder, 2001b), especially in the case of sandy 

soils (Baconguis and Daño, 1984) but this may be due to the usually low grazing intensity in 

the Philippines (Garrity et al., 1997). However, BD of the top 20 cm in the Manobo reforest 

was not much lower (1.03–1.12 g cm-3) than that at Basper, suggesting that 23 years of forest 

development had only a modest effect in this regard. Ziegler et al. (2004) observed a 

similarly small decline in topsoil BD going from Imperata grassland (1.09 g cm-3) through 8–

17 years of natural forest regrowth in Vietnam (1.02 g cm-3). Likewise, Zwartendijk et al. 

(2017) did not detect major reductions in BD nor increases in total or drainable pore space at 

15 cm depth during up to 10 years of natural forest regrowth in fire-climax grasslands in 

Madagascar. Outside the tropics, strong increases in macropore (>3 mm diameter) 

development in formerly heavily grazed pasture soils were noted by Colloff et al. (2010) only 

more than a decade after tree planting. In conclusion, it seems at least several additional 

decades of forest development are required at Manobo to approach the soil BD and porosity 

values observed in undisturbed old-growth forests in the region (Ohta, 1990; Ziegler et al., 

2004). 

2.4.3 Saturated soil hydraulic conductivity: methodological considerations 

   The density, nature and extent of macropore networks in, especially, forest soils is known to 

strongly influence the saturated soil hydraulic conductivity (Ksat), particularly in (near-

)surface horizons where faunal activity and rates of fine root turnover tend to be highest 

(Davis et al., 1996; van Noordwijk et al., 2004; Shougrakpam et al., 2010; Colloff et al., 

2010). The associated heterogeneity of the soil makes it very difficult to obtain representative 

estimates of mean Ksat at the plot- or hillslope scale (Chappell et al., 1998; Ghimire et al., 

2013). The use of small cores or small-diameter infiltration rings has been found to 

underestimate Ksat because the small size of the samples prevents a representative inclusion of 

macropores (Davis et al., 1996; Haws et al., 2004; Lai and Ren, 2007). In such cases, Ksat-

values will represent the conductivity of the soil matrix rather than that of the soil as a whole 

(Davis et al., 1996; Shougrakpam et al., 2010). On the other hand, due to their limited height, 

small-core samples may also contain macropores that span the entire length of the core, 

thereby acting as open-ended pipes, causing major over-estimation of Ksat compared to the 

field situation where macropores may be constrained in extent (Paige and Hillel, 1993; Davis 

et al., 1996; Mallants et al., 1997). Even though great care was taken to avoid compaction, 

small core measurements may also be subject to more disturbance during sample collection 

than field measurements. Constant-head well permeameter (CHWP) approaches measure Ksat 
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in situ and should be more representative of actual conditions in the field (Amoozegar and 

Warrick, 1986). However, CHWP-based estimates of Ksat may suffer from entrapped air, soil 

anisotropy (e.g. greater vertical than lateral permeability) and, especially in wet clay-rich 

soils, smearing of the side walls of the auger hole, all of which lead to underestimation of Ksat 

(Paige and Hillel, 1993; Davis et al., 1996; Sherlock et al., 2000; Chappell and Lancaster, 

2007; Bonell et al., 2010). 

   The fact that our core-based values of Ksat were invariably smaller than corresponding 

values obtained with the Amoozemeter or a double-ring infiltrometer (DRI) in the grassland 

at Basper (Table 2.3) suggests that macropores were not included in a representative manner 

by the small cores. In addition, estimates of median surface- (DRI) and near-surface Ksat 

down to 40 cm (CHWP) were all very similar (2.1–2.9 mm h-1), suggesting a five- to 20-fold 

increase of Ksat due to macropores (Table 2.3). Nevertheless, in view of the relatively small 

size of the inner cylinder of our DRI (177 cm2, i.e. smaller than the 400 cm2 recommended by 

Haws et al. (2004) and Lai and Ren (2007) for representative estimates of macropore 

contributions) and the possibility of smearing, even these larger values may still be an 

underestimation. Further support for the contention that core-based Ksat in the upper part of 

the grassland soil was under-estimated comes from the fact that in the Manobo reforest, 

values of Ksat obtained with either method did not differ below 40 cm depth (where 

macropores are expected to be less abundant than in the top layer), whereas the median core-

based Ksat at 20 cm exceeded the corresponding field-based estimate (Table 2.3). Although 

the latter difference was not statistically significant due to the high variability, the higher 

value obtained with the small-core method may reflect the open-pipe effect in macroporous 

samples mentioned earlier and/or a potential reduction of Ksat due to partial smearing of 

macropores when using the CHWP-method. Additional work to characterize macropores and 

their importance to percolation at the two study sites, e.g. using blue dye tracing 

(Shougrakpam et al., 2010; Zwartendijk et al., 2017; Toohey et al., 2018) is needed. 

2.4.4 Saturated soil hydraulic conductivity in tropical grasslands and pastures 

   The median infiltrometer-based topsoil Ksat for the Basper grassland (2.1 mm h-1) falls well 

below the average (44 mm h-1; n = 7) and range (15–95 mm h-1) for non- (or lightly) grazed 

fire-climax grasslands elsewhere in the Palaeo-tropics (Costales, 1979; Baconguis & Daño, 

1984; Mapa, 1995; Snelder, 2001a; Ziegler et al., 2004; Zwartendijk et al., 2017). All of these 

studies used comparable methodology (mostly portable double-ring infiltrometer) on 
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similarly textured loamy soils. Rather, topsoil Ksat-values at Basper were as low as the lowest 

figures reported for grazed tropical pastures (2–4 mm h-1; Martinez & Zinck, 2004; De 

Moraes et al., 2006). However, whilst grazing-induced compaction tends to be most 

pronounced in the top 10 cm of the soil (Martinez & Zinck, 2004; Ghimire et al., 2014), BD-

values at Basper were not only rather similar across the 20–60 cm depth interval but also 

higher than for the top layer (Table 2.2). Furthermore, the soil at Basper did not show the 

typical platy structure found in fine-textured soils beneath grazed pastures (Martinez & 

Zinck, 2004; cf. Quiñones, 2014). As such, other factors such as the presence of swelling 

clays or the filling of topsoil macropores by eroded fine material (Snelder, 2001a; Hanson et 

al., 2004; Bonell et al., 2010) may be important rather than past grazing activity at Basper. 

This may also apply to the remaining Imperata grassland adjacent to the Manobo reforest 

where, at 13 mm h-1, the median Ksat at 20 cm depth was still below the range recorded for 

surface Ksat in tropical fire-climax grasslands cited above, despite the fact that the land was 

never grazed and had not been burned for at least 23 years according to local informants. 

Nevertheless, the Ksat is close to median infiltrabilities recorded by Snelder (2001a) for two 

Imperata grasslands elsewhere in the Philippines (15 and 18 mm h-1). 

   Reports on macroporosity and /or soil biotic activity in tropical fire-climax grasslands are 

few and somewhat contradictory. Ohta (1990) did not observe any obvious signs of faunal 

activity (worm casts, animal burrows) in soils beneath Imperata in the northern Philippines 

although he noted ‘many (very) coarse interstitial pores’ below the A-horizon. No earthworms 

were encountered in the soil profiles examined at Basper either. Conversely, Yonekura et al. 

(2010) reported large numbers of earthworms feeding on dead rhizomes and roots in 

Imperata grasslands in East Kalimantan. Elsewhere in Indonesia (Sumatera), Dewi (2007) 

determined earthworm density, biomass and diversity along with macroporosity in soils 

beneath remnant rain forest and Imperata grassland. Macroporosity was strongly related to 

earthworm size, fine-root density and, especially, earthworm density. Interestingly, 

earthworms in grassland soils were less than half as large as those encountered in the forest 

soil (0.20 versus 0.45 g/worm, respectively) while earthworm diversity was also lowest under 

grassland. Yet, although macroporosity under Imperata was reduced by 38% compared to the 

forest soil, it was more than twice the value associated with an agroforestry system in which 

the soil was cultivated (Dewi, 2007). Shougrakpam et al. (2010) and Zwartendijk et al. 

(2017) also reported a notable absence of macropores in soils that had been subjected to 

several cycles of fire and cultivation in NE India and Madagascar, respectively. 
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2.4.5 Changes in saturated soil hydraulic conductivity during forest development 

    Whether taking the median topsoil Ksat for the grassland at Basper (2–3 mm h-1) or Manobo 

(13 mm h-1) as a reference, surface- (368 mm h-1) and near-surface Ksat (59–77 mm h-1 

depending on the methodology used) in the Manobo reforest were very much higher (Table 

2.3). Before attributing this large difference immediately to the 23 years of forest 

development at Manobo, it is useful to examine the findings of others within the context of 

soil recovery during tropical vegetation regrowth after slash-and-burn cultivation (Ziegler et 

al., 2004; Zwartendijk et al., 2017), prolonged grazing (Zimmermann et al., 2006; Hassler et 

al., 2011) or during stand maturation in the case of reforestation (Gilmour et al., 1987; 

Waterloo, 1994; Colloff et al., 2010) while keeping methodological limitations and inherent 

site differences in mind. In the case of the Manobo reforest, there is the added factor that it 

neither classifies as a true forest plantation nor as a fully naturally regenerated forest but 

something in between for which little reference material is available (cf. Chazdon et al., 

2016; Ilstedt et al., 2007). Furthermore, differences in the intensity of the land use prior to 

reforestation or forest regeneration may introduce added variability between sites as the effect 

on Ksat may be visible for years (Zwartendijk et al., 2017). 

   Not unexpectedly, (near-) surface Ksat increases generally with time since abandonment of 

grazing / cultivation or since the time of tree planting. The Ksat versus time relation during the 

first 15 years or so often suggests an exponential increase (e.g. Gilmour et al., 1987; Colloff 

et al., 2010; Hassler et al., 2011), followed by a gradual levelling off as Ksat begins to 

approach values associated with old-growth forest after several decades (Hassler et al., 2011; 

Zwartendijk et al., 2017; Figure 2.7). However, where regenerating or planted forest becomes 

subject to disturbance, the rate of recovery of Ksat may slow down (Ziegler et al., 2004) or 

even be reversed (Gilmour et al., 1987; Ghimire et al., 2014; Figure 2.7). The initial pattern 

of Ksat-development with time mimics that observed for soil invertebrate-induced macropore 

formation in SE Australia during the first 20 years after tree planting, with the changes 

becoming more pronounced after the first decade (Colloff et al., 2010). In conclusion, at least 

a decade of soil recovery appears to be necessary before notable improvements in surface Ksat 

can be observed in the case of degraded tropical soils. 

   Taking the topsoil Ksat in the Manobo reforest at face value, it was distinctly higher than 

reported for young secondary growth (2–10 years) in the northern Philippines (Snelder, 

2001a), Vietnam (Ziegler et al., 2004), Panamá (Hassler et al., 2011) and Madagascar 

(Zwartendijk et al., 2017). Whilst it also exceeded values reported for semi-mature regrowth 
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(15–20 years) in Vietnam or mature pine plantations in Nepal that suffered various degrees of 

disturbance (Ziegler et al., 2004; Ghimire et al., 2014), Ksat at Manobo was still very much 

lower than values obtained for 15- to 35-year-old regenerating forests in Madagascar (974–

1032 mm h-1) that had been subject to selective manual logging in the past but never to the 

more disturbing effects of fire and subsequent cultivation (Zwartendijk et al., 2017; cf. 

Shougrakpam et al., 2010; Figure 2.7). 

   The available information on near-surface Ksat for undisturbed rain forest growing on mafic 

soils in SE Asia appears to be limited to the 200–330 mm h-1 obtained for lower montane rain 

forest soils on Mt. Silam (Sabah, East Malaysia) by Bruijnzeel et al. (1993) using large cores. 

Ohta (1990) derived values of 190–250 mm h-1 for a remnant Dipterocarp forest on diorites in 

northern Luzon using (a small number of) small cores. Both these values fall within the 

(wide) range reported for a number of lowland rain forests in SE Asia and environs that are 

underlain by Acrisols of silty to sandy clay loam texture (80–2510 mm h-1 using 

infiltrometry; Suryatmojo et al., 2014; Sherlock et al., 2000). Amongst these, comparatively 

high near-surface Ksat-values (1465–2510 mm h-1) were obtained for sandy clay loams 

(Sherlock et al., 2000; Ziegler et al., 2006) but much lower values (80–150 mm h-1) for clay- 

and silt loams (Van der Plas and Bruijnzeel, 1993; Chappell et al., 1998; Suryatmojo et al., 

2014). Therefore, in view of the dominant soil texture in the Manobo reforest (sandy clay 

loam; Table 2.1), one may might expect the top-layer Ksat to further increase as the forest 

matures even though the current value already exceeds values obtained for some old-growth 

forest soils elsewhere in the Philippines and East Malaysia (Ohta, 1990; Bruijnzeel et al., 

1993; Van der Plas and Bruijnzeel, 1993; Chappell et al., 1998). The same holds for the near-

surface layer, with the added notion that subsoil Ksat-recovery during forest regeneration 

appears to be much slower than that of surface infiltrability (Zimmermann et al., 2006; 

Ziegler et al., 2004; Zimmermann et al., 2010; Zwartendijk et al., 2017). 

   Comparable data for Ksat-development with age of tropical tree plantations is lacking 

almost entirely (Ilstedt et al., 2007). Waterloo (1994) reported Ksat for six-, 11- and 15-year-

old pine stands planted on former fire-climax grassland soils but the soil of the intermediate 

plantation was much sandier than that of the other two. Likewise, in a rare study documenting 

changes in Ksat in a series of pine plantations in upland Nepal in real time (using follow-up 

sampling), Ghimire et al. (2014) found Ksat to have declined again in the older stands due to 

intensive usage of the forest by the local population after an initial period of improvement (cf. 

Gilmour et al., 1987; Figure 2.7).   
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Figure 2.7 Changes in topsoil saturated hydraulic conductivity (Ksat, mm h-1) during natural 
forest regeneration after slash-and-burn cultivation or grazing at selected tropical sites (NE 
Luzon, Philippines from Snelder, 2001a; Hoa Binh, N. Vietnam from Ziegler et al., 2004; 
Panama from Hassler et al., 2011; eastern Madagascar from Zwartendijk et al., 2017). Data 
for an age sequence of pine plantations in Chautara, C. Nepal (from Gilmour et al., 1987; 
Ghimire et al., 2013; Ghimire et al., 2014) are added for comparison. 

 

2.4.6 Implications for runoff generation 

   The very clear difference in Ksat-profiles with depth for the Basper grassland and the 

Manobo reforest suggests an equally strong contrast in hillslope runoff response to rainfall 

between the two sites (Figure 2.4). Not only was the topsoil at Manobo capable of 

accommodating even the highest recorded rainfall intensities, Ksat-values down to 60 cm 

depth were such that the subsoil would become saturated only during very limited time 

periods, with the most frequent saturation occurring primarily around 90 cm depth (Figure 

2.5). Conversely, surface- and near-surface Ksat in the Basper grassland were even lower than 

the median rainfall intensity (Figure 2.4), suggesting infiltration-excess overland flow (IOF) 

is likely to be a frequent phenomenon there. In addition, the very high moisture in the top 

layer – especially in upslope and ridge top locations – suggested saturation-excess overland 

flow (SOF) to be likely as well (Figures 2.6a,b). Explicit measurements of overland flow of 

either type in tropical fire-climax grasslands are rare but a somewhat similar situation has 
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been described for degraded grassland in upland Madagascar where low Ksat at 20–30 cm 

depth caused a shallow perched groundwater table that approached the surface during large 

rainfall events. The resulting SOF amounted to ca. 11% of incident rainfall on an annual basis 

and 24% at the end of the rainy season (van Meerveld et al., 2016). During a well-replicated 

long-term runoff plot study in non-grazed Imperata grassland in the northern Philippines, 

Jasmin (1976) recorded negligible amounts of overland flow during low-rainfall years (<1% 

of annual precipitation) but higher totals (180–290 mm or 6–13%) during high-rainfall years. 

Because infiltrabilities for these soils were comparatively high at 70–135 mm h-1 (Jasmin, 

1976), occasional occurrence of SOF cannot be excluded. Similar amounts of overland flow 

(265 mm or 5% of rainfall) were reported by Coster (1938) for two dense, ungrazed Imperata 

and Saccharum grassland plots on moderately clayey soils in East Java (Indonesia) during a 

year with unusually high rainfall (5300 mm versus 3200 mm on average). Regular burning of 

the grassland increased overland flow markedly, both in the Philippines (Jasmin, 1976) and 

Indonesia (Coster, 1938). Chandler and Walter (1998) described an extreme case from 

Southern Leyte where a heavily overgrazed and frequently burned grassland produced as 

much as 69% IOF. For a nearby regenerating forest, on the other hand, overland flow, most 

likely SOF, was <1%  (Chandler and Walter, 1998).  

   Based on the inferred dominant stormflow generating mechanisms at Basper and Manobo, 

one would expect stormflows at the headwater scale to be much larger and ‘flashier’ for the 

grassland at Basper compared to a more subdued response for the Manobo reforest and an 

intermediate response for the remnant Saccharum  grassland at Manobo (low Ksat at 40 cm). 

However, caution has to be applied in extrapolating responses inferred at the point scale 

(Figures 2.4–6) to the headwater scale. Apart from the inherent limitations of the various 

techniques used for measuring Ksat discussed above, Ksat may vary spatially as a function of 

differences in vegetation type (e.g. regenerating shrub versus grasses; Vigiak et al., 2006), 

drainage conditions (e.g. grasses versus sedges), and soil development along the catena (e.g. 

coarser colluvial deposits on footslopes; occurrence of soil pipes; Uchida et al., 2005; 

Chappell, 2010). For example, where riparian zone Ksat-values are enhanced, re-infiltration of 

overland flow generated on the mid-slope parts cannot be excluded upon reaching the 

footslope (Woolhiser et al., 1996). In the Basper case, a significant portion of the grassland 

catchment (up to 8% after typhoon Haiyan; cf. Figure 2.2a) was made up by landslip surfaces 

that were effectively impermeable and acted as IOF-generating areas (cf. Merz and Mosley, 

1996). 
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2.5 CONCLUSIONS 

   As part of an investigation into the claim that reforesting a degraded fire-climax (Imperata) 

grassland on mafic rocks near the city of Tacloban, Leyte Island (The Philippines) had caused 

streamflow to become perennial, basic physical properties of the soil beneath a 23-year-old 

reforest consisting of a mixture of planted and naturally regenerated species (Manobo site) 

were compared with those of an Imperata grassland that was last burned in 2003 (Basper 

site). Both rock type (gabbro), soil type (Eutric Cambisols of predominantly sandy clay loam 

texture), slope steepness and aspect were the same, while pre-reforestation land use was 

comparable as well, suggesting that, despite inherent limitations of the space for time 

approach meaningful comparisons could be made between the two sites. Organic carbon 

content in the first 40 cm of the soil in the reforest and grassland were comparable. Total 

porosity and drainable pore space were larger, and bulk density significantly lower in the 

forest soil. The saturated soil hydraulic conductivity (Ksat) of small cores from the Basper 

grassland were extremely low (≤ 1 mm h-1), most probably due to inadequate inclusion of 

macropores. Median surface- and near-surface Ksat values from field measurements (double-

ring infiltrometer and constant-head well permeameter) were also quite low (2–3 mm h-1) 

compared to values reported for Imperata grasslands elsewhere in the region (15–95 mm h-1) 

and rather more typical of (minimum) values recorded for grazed tropical pastures. An 

intermediate near-surface Ksat (20 cm, field-based) of 13 mm h-1 was measured at a remnant 

patch of Saccharum grassland near the Manobo reforest which had not been grazed or burned 

for at least 27 years. Conversely, surface- and near-surface Ksat in the forest soil at Manobo 

were much higher and already comparable to values for old-growth rain forests on similar 

rock- and soil types in the region.  

    The median hourly equivalent of the 5-min rainfall intensity (3.2 mm h-1) exceeded 

surface- and near-surface values of Ksat in the Basper grassland, suggesting frequent 

generation of infiltration-excess overland flow. Topsoil moisture content at Basper was 

frequently close to saturation indicating a distinct possibility of saturation-excess overland 

flow as well. By contrast, the high surface- and near-surface Ksat in the Manobo reforest were 

not indicative of overland flow of any kind, while changes in subsoil conductivity with depth 

suggested lateral subsurface to occur mostly at a depth of 90 cm and to a lesser extent at 60 

cm. An intermediate situation seems to occur at the remnant Saccharum grassland patch at 

Manobo where Ksat was 2.6 mm h-1 at 40 cm depth. These Ksat-patterns with depth suggest 
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stormflows at the headwater scale to be much more ‘flashy’ for the Basper grassland than for 

the Manobo reforest. 
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Supporting Figure 2.1 Box-plots of Ksat values measured in the fire-climax grassland at 
Basper and the Manobo reforest: (a) grassland, small cores; (b) reforest, small cores; (c) 
grassland, Amoozemeter; (d) forest, Amoozemeter. Median (3.2 mm h-1) and 95th-percentile 5-
min rainfall intensities (33.5 mm h-1) are indicated by solid and dashed red vertical lines, 
respectively. Edges of boxes represent 25th and 75th percentiles of Ksat, the central blue lines 
are the medians, and the whiskers the 10th and 90th percentiles, while outliers are shown by 
blue squares. Note the differences in scales used for Ksat in the respective panels. 
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Supporting Figure 2.2 Relative frequencies of occurrence of rainfall intensities (dark bars) 
for different time intervals (5–60 min) for the four quartiles of the intensity distributions 
(<25th percentile, 25th – 50th percentile (median), 50th  – 75th percentile, and >75th percentile). 
Associated proportions of total rainfall amounts for each rainfall intensity class are indicated 
by grey bars.  
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Chapter 3 

Runoff response and sediment yield of a tropical grassland micro-

catchment before and after typhoon passage2  

 

ABSTRACT: Decades of logging and slash-and-burn agriculture have turned vast tracts of 

land in tropical South-east Asia into unproductive fire-climax grasslands whose hydrological 

functioning is poorly known. To help fill this knowledge gap, and to serve as a baseline for 

studying the hydrological impacts of grassland reforestation, a 3.2 ha landslide-affected 

Imperata grassland micro-catchment with perennial flow on Leyte Island (Philippines) was 

instrumented and monitored for a year. The area was hit by typhoon Haiyan on 8 November 

2013, one of the largest events on record. Landslide surfaces covered 3.4% of the catchment 

prior to typhoon Haiyan and contributed to ‘direct runoff’ (Qq). This basic ‘contributing area’ 

increased to 7.7% by activation of old landslides and formation of new ones during typhoon 

Haiyan. Median storm runoff coefficients (Qq/P) based on straight-line hydrograph separation 

were 9% and 23% before (48 events) and after the typhoon (43 events), respectively, but the 

ratios of period-total Qq and P were much larger (24% and 47%, respectively). Both storm 

runoff volumes and peak discharge increased rapidly once a mid-slope water storage 

threshold for the upper 60 cm of soil of 250 mm was exceeded. Storm runoff contributions 

above those generated on landslides were most likely in the form of overland flow given the 

prevailing very low soil hydraulic conductivities. Post-typhoon water use of the heavily 

disturbed vegetation was reduced initially by nearly 70%, recovering to nearly 80% of the 

pre-typhoon value after ~3 months. The high annual sediment yield (~27 t ha-1) was heavily 

dominated by post-Haiyan sediment transport (94%); bedload contributed ~8% of the total 

sediment yield. 

  

                                                           
2 This chapter is based on Zhang J, van Meerveld HJ, Tripoli R, Bruijnzeel LA. 2018. Runoff response and 
sediment yield of a landslide-affected fire-climax grassland micro-catchment (Leyte, The Philippines) before 
and after passage of typhoon Haiyan. Journal of Hydrology (accepted manuscript). 
DOI:10.1016/j.jhydrol.2018.08.016 
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3.1 INTRODUCTION 

   Swidden cultivation (also called slash-and-burn agriculture; Brady, 1996) is considered to 

be responsible for as much as 60% of tropical deforestation (Geist and Lambin, 2002). 

Although the importance of swidden cultivation has declined in recent years (Ziegler et al., 

2009; Van Vliet et al., 2012), the frequent use of fire and a gradual shortening of the fallow 

period (sometimes to as little as 3–5 years) under high population pressure has created 

extensive tracts of largely unproductive fire-climax grassland, both in the Palaeo-tropics 

(Garrity et al., 1997; Styger et al., 2007) and the Neo-tropics (Aide and Cavelier, 1994; 

Hooper et al., 2005). Despite their considerable spatial extent (an estimated 35 million ha in 

South- and South-east Asia alone in the 1990s; Garrity et al., 1997), very few hydrological 

studies have focused on these Imperata- and Saccharum-dominated tropical grasslands, 

particularly in terms of runoff processes at the catchment scale. Waterloo et al. (1999) 

showed that the water use of a seasonally dormant, non-grazed fire-climax grassland in the 

Fiji archipelago followed the seasonal pattern of leaf surface area and was much lower than 

evapotranspiration from nearby pine plantations, suggesting grassland soils may be wetter 

and thus hydrologically more responsive than forest soils. In addition, soils of fire-climax 

grasslands can be water-repellent because of repeated burning, and compacted when grazed 

(Jasmin, 1976; Snelder, 2001a,b; Starkel and Singh, 2004). This may lead to enhanced 

overland flow (Chandler and Walter, 1998) and surface erosion (Concepcion and Samar, 

1995). In the Philippines (where Imperata grasslands are referred to as cogon), more than 

two-thirds of the 6.5 million ha under fire-climax grassland in 1990 were considered to suffer 

moderate to severe erosion rates (Concepcion and Samar, 1995). Partly in response to such 

problems, the Philippine Government launched an ambitious ‘National Greening Program’ in 

2011 targeting the planting of 1.5 billion trees on 1.5 million ha of degraded land (much of it 

under cogon and shrub) during an initial period of six years (Aquino and Daquio, 2014; cf. 

Ancog et al., 2016).  

   There is typically an increase in the incidence of shallow (< 2–3 m) landslides on tropical 

steeplands a few years after deforestation, when the extra hillslope strength formerly 

imparted by the roots of the trees starts to decline (O’Loughlin, 1984; cf. Rabonza et al., 

2015), particularly in areas characterized by seasonally high rainfall, steep slopes, a regolith 

overlying impermeable rock, and significant tectonic activity (Scatena et al., 2005; Sidle et 

al., 2006; Lin et al., 2008; Wu and Chen, 2009). Thus, sediment yields from (fire-climax) 

grassland catchments subject to landsliding can be much enhanced (cf. Page et al., 1994; 
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Trustrum et al., 1999), even when contributions by surface erosion are modest (Jasmin, 1976; 

Starkel and Singh, 2004). Such findings are especially pertinent in the Philippines, which are 

located in one of the world’s premier cyclone-generating areas (García-Herrera et al., 2007), 

and where about 30% of the annual precipitation is received during the passage of tropical 

cyclones and depressions (Cinco et al., 2016). Annual sediment yields from upland 

catchments in the Philippines and similar settings (e.g. Taiwan) are heavily dominated by 

sediment generated during such extreme events (White, 1990; Lin et al., 2008). Therefore, in 

view of: (i) the general lack of catchment-scale hydrological and sediment yield studies for 

tropical fire-climax grasslands (cf. Daño, 1995); (ii) the importance of such data as a baseline 

for future evaluation of reforestation impacts; and (iii) the expected intensification of extreme 

events in the region due to continued oceanic warming (Balaguru et al., 2016), we monitored 

key hydrological variables in a landslide-impacted cogon grassland micro-catchment (3.2 ha) 

with perennial streamflow near the village of Basper near Tacloban City (north-eastern Leyte 

Island, Eastern Visayas, the Philippines) for a year. Measurements included continuous 

observations of rainfall, streamflow, soil moisture and shallow groundwater levels, with the 

aim to quantify: (i) the grassland’s runoff response to rainfall (including extreme events); (ii) 

the role of landslides with respect to stormflow generation and sediment supply; and (iii) the 

water budget of a cogon grassland. During the study year, the catchment was hit by typhoon 

Haiyan, one of the largest events on record in the region, delivering more than 200 mm of 

rain within several hours (Nguyen et al., 2014). This provided an opportunity to study the 

effect of this extreme event and associated landsliding on catchment-scale runoff production 

and sediment yield. Very low surface- and near-surface saturated soil hydraulic conductivities 

were found for the Basper grassland, as well as high top-soil moisture contents during months 

with peak rainfall (Chapter 2). Such conditions are conducive to the generation of both 

infiltration-excess (IOF) and saturation-excess overland flow (SOF; Bonell, 2005). 

Specifically, we hypothesized that: (i) cogon runoff response to rainfall is ‘flashy’ due to the 

prevailing low soil infiltration capacity and high soil water content; (ii) landslides constitute a 

significant source of direct runoff during rainfall events; and (iii) extreme events like typhoon 

Haiyan increase the number of landslides, thereby enhancing overall catchment runoff 

response and, especially, sediment yield.  



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 69PDF page: 69PDF page: 69PDF page: 69

Chapter 3. Grassland runoff response  

 

59 
 

3.2 STUDY AREA 

   The south-facing 3.2-ha headwater Basper micro-catchment is located 14 km west of the 

city of Tacloban at 11°15'28" N and 124°57'22" E. Elevations range from 50–135 m a.s.l. The 

upper slopes are straight to slightly concave, while the lower slopes steepen towards the 

stream. The average slope is ~23°. Landslide scars are prominent in the landscape (Figure 

3.1).  

   The climate is tropical ever-wet (Köppen-type Af). Mean annual rainfall at nearby Tacloban 

Airport (1977–2011) is 2660 mm (range: 1435–4790 mm), distributed over on average 195 

rain days (i.e. n per day) per year. Although there is no clearly defined dry 

season, average rainfall from November to January (> 350 mm mo-1) is higher than for April–

May (> 100 mm mo-1). Typhoons and tropical storms occur regularly in the area (Cinco et al., 

2016). Seasonal variation in monthly temperatures at Tacloban Airport is small, ranging from 

25.7 °C in January to 28.1 °C in May, as are seasonal variations in average daily relative 

humidity (81–86%) and average monthly wind speeds (1.5–2.4 m s-1). Average daily 

reference evaporation rates (Allen et al., 1998) computed from basic climatic data for 

Tacloban Airport range between 3.0 mm d-1 for December and 4.8 mm d-1 for April.  

   The vegetation in the micro-catchment consists of cogon grass (Imperata cylindrical (L.) 

Beauv.) on the ridges (and a few isolated coconut trees; Figure 3.1a) and upper slope areas, 

with sedges (Cyperus sp.) being numerous in less well-drained parts. The mid-slopes have 

mixed grassland and low shrub (<1.5 m high; mostly Melastoma malabathricum (L.) Smith 

and Chromolaena odorata (L.) R.M. King & H. Robinson), while shrubs and young trees 

(<2–3 m high; mostly Neonauclea lanceolate (Blume) Merr. and Leukosyke capitella Wedd.) 

are common on the lowermost slopes near the streams, along with a few remnant planted 

Acacia mangium Willd. trees (Figure 3.1a). Although regularly burned in the past, the Basper 

study site had not experienced any fire since 2003 and young regenerating forest occupied an 

estimated 4500 m2 in the central portion of the micro-catchment, representing ~14% of the 

total area. On 8 November 2013 the area was hit severely by typhoon Haiyan, one of the 

largest events on record, which effectively defoliated all shrubs and saplings (Figure 3.1b) 

and buried the foot-slope vegetation with landslide material in some places. The pre-typhoon 

leaf area index of the riparian vegetation (26 measurements made in August 2013 at 5-m 

intervals in the riparian zone using a CID Bio-Science CI-110 Plant Canopy Imager) was 1.6 

± 1.0 m2 m-2.    
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Figure 3.1 General view of the Basper micro-catchment: (a) before and (b) after passage of 
Typhoon Haiyan on 8 November 2013. Photographs taken by J. Zhang on 1 July and 27 
November 2013, respectively. 

The underlying mafic rock (gabbro) belongs to the Tacloban ophiolite complex (Dimantala 

et al., 2006). Soils are classified as Eutric Cambisols with a predominantly clay loam texture 

(upper 0.9 m) grading to sandy clay loam at greater depth. Median values (± median absolute 

difference MAD) of soil organic carbon content declined with depth from 2.3 ± 0.7% at 10 

cf. Chapter 2). Similarly, median 

soil porosity decreased with depth from 51 ± 7% (10 cm) to 47 ± 4% (20 cm) and 42 ± 1% 
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below 60 cm, while median bulk density increased from 1.14 ± 0.08 g cm-3 (10 cm) to 1.33 ± 

0.05 g cm-3 (40 cm) and 1.38 ± 0.07 g cm-3 deeper in the profile (60–100 cm). The median 

value of the final surface infiltration rate as determined with a portable double-ring 

infiltrometer (n = 13) was 2.1 ± 0.7 mm h-1, while median field, saturated soil hydraulic 

conductivities (Ksat) (n = 47) determined with a constant-head well permeameter (Amoozegar, 

1989) were 2.85 ± 1.80 mm h-1 at 20–40 cm depth (inter-quartile range: 0.8–6.6 mm h-1) and 
-1 (IQR: 0.1–1.8 mm h-1) below 60 cm (see Chapter 2 for details). 

3.3  METHODS 

3.3.1 Field measurements  

3.3.1.1 Hydrological monitoring  

   Field measurements were made between June 2013 and 2014. Rainfall (P) was measured 

using two tipping-bucket rain gauges (RG3, Onset Computer Corporation, USA; 0.25 mm per 

tip, confirmed by manual calibration) connected to a HOBO Pendant event data-logger; one 

gauge was located in the open below the outlet of the catchment and the other on the upper 

western ridge of the catchment (Figure 3.2). A standard manual rain gauge (100 cm2 orifice) 

was placed next to the tipping-bucket gauges and read every morning as a check. Daily 

rainfall totals for the two recording gauges were strongly correlated (R2 = 0.99; n = 113 rain 

days with P 

data for the other gauge (e.g. during typhoon Haiyan and the subsequent 11-day period when 

only the more sheltered lower gauge was functioning). Although wind speeds were measured 

at the site of the upper recording gauge (see below) between 8 July and 8 November 2013 

(when the instrument was destroyed during the passage of typhoon Haiyan), no corrections 

were made for wind-related under-estimation of rainfall since wind speeds were generally 

low and the application of correction methods (e.g. Førland et al., 1996) for the extreme wind 

speeds encountered during the Haiyan event (up to 315 km h-1; Rabonza et al., 2015) leads to 

unverifiable and uncertain corrections. Instead, the catch of a recording cylindrical fog gauge 

(located at site S1) having a 100% catch efficiency for near-horizontal wind-driven rain 

(Frumau et al., 2011) was used to estimate extra inputs of near-horizontal rainfall during the 

Haiyan event. Because the catch efficiency of live vegetation is smaller than that of the type 

of fog gauge employed (Bruijnzeel et al., 2005), it is acknowledged that such an estimate will 

represent a maximum value. 
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Basic climate variables for the computation of reference evapotranspiration ET0 (Allen et 

al., 1998) for use in the HBV-light modeling (see below) were measured by an automatic 

weather station (DWS, Decagon, U.S.A.) located at site S1 from 8 July 2013 onwards. Short-

wave radiation was measured by a pyranometer, temperature and relative humidity by sensors 

placed within a radiation shield at 2 m from the ground, and wind speed by a cup 

anemometer, also at 2 m. All data were recorded at 5-min intervals by a Decagon EM50G 

data-logger. The anemometer was destroyed during passage of typhoon Haiyan. Henceforth, 

wind speeds were approximated using corresponding long-term averages for the respective 

months as measured at Tacloban Airport (Pagasa Weather Office, Tacloban).  

   Streamflow (Q) was measured using a sharp-crested compound weir consisting of a 0.55 m 

high 90° V-notch and a horizontal beam extending 0.5 m to each side from the edge of the V-

notch (Supporting Figure 3.1). Water pressures were measured at 5-min intervals using a 

HOBO U20 logger. Atmospheric pressure was measured using a HOBO U20 logger in a hut 

located ~100 m from the weir and used to calculate the water levels from the water pressure 

measurements. The standard V-notch weir equation (Bos, 1989) was checked through 

streamflow measurements (volumetric measurements below 4.4 l s-1 (staff heights < 0.3 m) 

and the velocity-area method at stages up to 0.55 m using a Price Type-AA current-meter). 

Water levels exceeded the shoulder of the V-notch during 22 storm events (in total 48.7 h or 

0.4% of the total study time) and for these conditions the Bergmann compound weir equation 

as given by USBR (1997) was used to calculate streamflow. Water level data were 

incomplete for 52 days (14% of the total time) due to equipment malfunctioning, amongst 

others during the 15-day period immediately following typhoon Haiyan. With the exception 

of the latter period, the calibrated HBV model (Bergström, 1992, 1995), as implemented in 

the HBV-light version of Seibert and Vis (2012), was used for gap-filling (see streamflow 

gap-filling section below for details). 

   Suspended sediment concentrations (SSC) of the stream water were determined for samples 

collected during the rising stage of 34 events using up to eleven 400 ml water bottles 

equipped with a siphon-shaped air exhaust (Schick, 1967) with their apertures placed at 

successively greater heights (8–52.5 cm above the lowermost point of the V-notch; see inset 

Supporting Figure 3.1). Bottles that filled during an event were replaced by clean empty ones 

(generally the next day). In addition, during several large events in the pre-Haiyan period, 

water samples were also collected manually using 500 ml sampling bottles, both during 

rising- and falling stages. Manual samples were not collected during the post-Haiyan period. 
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In total 275 samples of suspended sediment in streamflow were collected during stormflow 

conditions: 229 using the single-stage samplers and 46 manual samples. All samples were 

filtered in the laboratory at Visayas State University (first through Whatman Grade 589/2 

standard filter paper (4–12 μm) and subsequently through Millipore 0.45 m filters). The 

residues were oven-dried for 24 h at 105 °C and weighed to the nearest 0.001 g to give SSC 

in mg l-1. SSC-values were linked to the streamflow at the time that the bottle filled to derive 

separate sediment rating curves for pre- and post-Haiyan conditions and to allow estimation 

of suspended sediment transport from the continuous streamflow record (Walling, 1977; 

White, 1990). It is acknowledged that the use of (mostly) rising-stage samples normally leads 

to an over-estimation of the suspended sediment load because of the generally higher SSC 

during rising-stage conditions (Walling, 1977). However, because values of SSC obtained 

with the single-stage samplers were intermediate between those of manually collected rising- 

and falling-stage samples (see section on sediment yield below), we assume that this over-

estimation is relatively minor.  

   The electrical conductivity (EC) of the stream water was measured at 5-min intervals using 

a HOBO U24 conductivity logger installed next to the water level sensor (cf. inset Supporting 

Figure 3.1). The EC-data were regularly checked against manual measurements made with a 

CyberScan PC300 pH/Conductivity/TDS Meter (ENVCO, Australia). 

   Bedload accumulation (BL) behind the weir was determined volumetrically at irregular 

intervals (n = 6) by removing the sediment using a bucket of known volume. Sediment 

volumes were converted to oven-dry weights using the mean bulk density of the bed material 

(estimated at 1.2 g cm-3; Rijsdijk and Bruijnzeel, 1990). Seasonal and annual totals were 

obtained by summing individually measured values. The sediment volume accumulated 

between 10 February and 2 June 2014 (end of observation period) was estimated by 

multiplying the average bedload ‘concentration’ per mm of stormflow (based on constant-

slope hydrograph separation, see Section 3.3.3.1. below) during January 2014 (n = 3) times 

the total stormflow between the above two dates. 

   Volumetric soil moisture content ( ) was monitored at a 5-min interval at two locations in 

the micro-catchment (sites S1 and S2 in Figure 3.2). At site S1, on the western ridge (a 

mixture of cogon grass and sedges), Decagon EC-5 Moisture sensors were installed at depths 

of 0.15, 0.35, and 0.50 m below the surface and connected to a Decagon EM50 data-logger. 

At site S2 (cogon grassland at mid-slope position), six MP-306 sensors (ICT International, 
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Australia) were installed at depths of 0.1, 0.2, 0.4, 0.6, 0.8, and 1.1 m. The sensors were 

connected to an ICT International Microvolt data-logger.  

   Shallow groundwater levels were measured in four piezometers installed at the soil-bedrock 

interface (Figure 3.2). Piezometers G1 (left bank, 0.9 m deep) and G2 (right bank, 2.65 m 

deep) were located in the young regenerating forest area close to the stream (about 6 m 

upstream of the weir), while the third (site S2, 2.6 m deep) and fourth (site S1, 1.7 m deep) 

piezometers were located at the mid-slope (cogon grass) and upper ridge (cogon plus sedges) 

soil moisture measurement sites, respectively. Groundwater levels were measured manually 

once per week at piezometers G2, S1 and S2, and at 5-min intervals at piezometer G1 using a 

HOBO U20 water-pressure logger. 

3.3.1.2 Landslide surveys 

A landslide survey was conducted in August 2013 to map all landslides within the micro-

catchment that, based on visual evidence during rainfall events, likely contributed directly to 

storm runoff. For each landslide, the slopes of the slip face and side-slopes were measured at 

regular intervals along the longitudinal profile using a clinometer to determine the projected 

landslide surface area (Dunne, 1977). The survey was repeated in December 2013 after 

typhoon Haiyan had reactivated some old landslides and created several new ones (Figure 

3.2). 

Figure 3.2 Basper micro-catchment: drainage network, locations of landslides, soil profiles 

and soil hydraulic conductivity measurements, and hydrological instrumentation. 
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3.3.2 Streamflow gap-filling 

   Simulated streamflow was used for the 52 days during which water-level data were 

incomplete. Total rainfall during these days was 193 mm. The HBV-light model of Seibert 

and Vis (2012) was calibrated using 5-min rainfall and streamflow data by maximizing the 

value of the objective function that gave equal weight to the Nash-Sutcliffe Efficiency (NSE) 

and the NSE for the log-transformed streamflow to avoid bias towards the more uncertain 

high streamflow values. We used 100 independent model calibration trials (each consisting of 

3500 model runs) to derive the 100 optimum parameter sets using the gap optimization 

algorithm in the model. The model was calibrated separately for the pre- and post-Haiyan 

period. A three-week warming up period (3–23 June 2013) was used for the pre-Haiyan 

calibration (24 June–5 November 2013), while the period between 3 June and 22 November 

2013 was used as the warming up period for the post-Haiyan calibration (23 November 

2013–10 June 2014). To fill gaps in the streamflow record (Figure 3.3) for all times, except 

during and directly after typhoon Haiyan (8–22 November 2013), the 25 best parameter sets 

for either period were selected (having average combined objective function values of 0.82 

and 0.81 for the pre- and post-Haiyan period, respectively). Because HBV-modeled 5-min 

streamflows were 7% and 16% lower than observed values on average during the respective 

periods (Supporting Figure 3.2), the gap-filled streamflow data were increased 

proportionately. Modeled streamflow totals for the gap filling during the pre-Haiyan period 

amounted to 9 mm versus 27–28 mm during the wetter post-Haiyan period, representing 

~2.5% of the streamflow total (i.e. observed plus gap-filled) in both cases.  

   The period during and directly after typhoon Haiyan (8–22 November 2013) was not 

included in the above model calibrations due to the absence of measured streamflow data. 

Because the model tended to under-estimate the peak streamflow during other very large 

events, we did not use the simulation results for gap-filling during this period. Instead, a 

simplified approach was used to estimate daily streamflow totals. First, daily stormflow totals 

(Qq) were estimated from a polynomial relationship linking daily P and Qq during the post-

Haiyan period (R2 = 0.99; n = 43). Corresponding daily baseflow amounts Qb were estimated 

using the master recession curve (see description below) and the estimated baseflow for 8 

November 2013 (determined as the difference between total precipitation input and Qq for 

that day) as the starting point. Baseflow for the period 20–22 November was estimated by 

backward extrapolation of the measured recession for 23–25 November. 
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3.3.3 Data analysis 

3.3.3.1 Stormflow separation and recession analysis 

   To separate stormflow from baseflow during rainfall events, the constant-slope method of 

Hewlett and Hibbert (1967) was used. The following criteria were used to select rainfall 

events for stormflow analysis: (i) gross P 

rain-free period of -min 

intervals were available. Based on these criteria, there were 48 rainfall events prior to 

typhoon Haiyan (median event size: 14 mm; maximum: 154 mm) and 43 rainfall events after 

typhoon Haiyan (median: 17 mm, maximum: 215 mm). Stormflow amounts determined in 

this way (Qq, in mm) were also expressed in terms of their ‘minimum contributing area’ 

equivalent (MCA, expressed in ha; Dickinson and Whiteley, 1970). The MCA is defined as 

the minimum area that, contributing 100% of the effective rainfall it receives, would yield the 

measured storm runoff. As such, MCA = Qq/P × A (i.e. the event storm runoff coefficient 

times catchment area A in ha) and may be interpreted as the fraction of the catchment 

contributing the observed storm runoff (Dickinson and Whiteley, 1970). 

   Separate master recession curves were determined before and after catchment disturbance 

by typhoon Haiyan using the matching strip technique of Toebes and Strang (1964). 

Exponential curves were fitted to these master recession curves, while recession constants (k) 

for three superimposed reservoirs were derived according to linear reservoir theory (De 

Zeeuw, 1973; Chapman, 1999). Furthermore, using the method outlined by De Zeeuw (1973), 

both master recession curves were examined for downward deviations from the exponential 

decline in flow from the slowest reservoir. No such deviations were observed, indicating no 

detectable catchment leakage (see results below).  

3.3.3.2 Catchment water budget 

   Although shallow groundwater levels were measured in the four piezometers (see Figure 

3.2 for locations), changes in effective shallow catchment-wide groundwater storage G(t) 

were evaluated using the method of Chapman (1999) in which G(t) (in mm) at time t is 

approximated by: 

G(t) = –Q(t) / ln (k)     (Eq. 3-1) 

where Q(t) is the (base)flow rate at time t and k is the corresponding reservoir constant (day-

1). Eq. (3-1) was used to calculate the changes in shallow groundwater storage G) between 
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the start and end of the pre- and post-Haiyan runoff observation periods from the 

corresponding initial and final daily baseflow values. The associated changes in soil water 

storage S, mm) were derived from the integration of measured values of  down to 60 cm 

at sites S1 and S2. Together with measured P and Q, this allowed estimation of catchment-

wide apparent evapotranspiration (ET) losses using the general water budget equation (ET = 

P – Q – G – S).  

3.3.3.3 Statistical analyses 

   Because of the disturbing effect of the typhoon on the catchment’s vegetation, a distinction 

was made between pre- and post-Haiyan conditions (called periods I and III, respectively). 

Period I lasted from 3 June–7 November 2013 (n = 158 days), while period III lasted from 23 

November 2013 to 3 June 2014 (n n = 15 

days) describes the period during and directly following typhoon Haiyan. Differences in the 

median runoff response to rainfall before and after disturbance by typhoon Haiyan were 

tested for significance using the Mann-Whitney-Wilcoxon test for pairwise comparisons 

between groups because the data were not normally distributed. A significance value of p = 

0.05 was used for all analyses. Statgraphic Centurion XVII version 17.2.00 software was 

used for all statistical analyses. 

3.4  RESULTS 

3.4.1 Seasonal rainfall and streamflow patterns 

   The daily rainfall inputs and streamflow outputs for the Basper micro-catchment between 3 

June 2013 and 2 June 2014 are shown in Figure 3.3. September and October 2013, as well as 

February, part of April, and May 2014 were relatively dry, whereas the period between 

November 2013 and January 2014 was particularly rainy. By far the largest event occurred on 

7–8 November 2013 when typhoon Haiyan passed over the catchment and delivered at least 

228 mm of rain (catch of lower rain gauge, uncorrected for wind-losses) plus up to 50 mm of 

wind-driven near-horizontal rain (catch of fog gauge cylinder at S1). Other very large rainfall 

events occurred on 28–29 June 2013 (154 mm), 10–13 January 2014 (195 mm) and 22–24 

March 2014 (209 mm). Periods with prolonged high streamflow were concentrated mostly in 

June 2013 and November 2013–January 2014 (Figure 3.3). Stream-water EC was greatly 

reduced during times of rainfall, while baseflow EC-values varied inversely with the amount 

of flow (Figure 3.3c). Although the range in average monthly EC-values during baseflow 
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conditions was nearly identical for the pre- (266– S cm-1) and post-Haiyan periods (263–

S cm-1), post-disturbance (period III) values of baseflow conductivities were higher 

throughout (p < 0.05), regardless of catchment wetness status.  

 

Figure 3.3 Seasonal variation of (a) daily rainfall, (b) daily streamflow, and (c) stream-water 
EC for the Basper micro-catchment between 3 June 2013 and 2 June 2014. The solid line in 
Figure 3.3b represents observed streamflow, the light-blue broken line marks gap-filled 
streamflow using the HBV-light model, while the dark broken line represents estimated 
streamflow based on a combination of the post-Haiyan master recession curve and the post-
Haiyan relationship between daily rainfall and daily stormflow. Note the use of a logarithmic 
scale for streamflow.  
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Rainfall and streamflow totals for the entire study period (365 days) were ~3365 and ~1995 

mm, respectively (Table 3.1). Expressed on a daily basis, post-Haiyan rainfall (period III: 23 

November 2013–3 June 2014, average: 8.9 mm d-1) was 19% higher on average than before 

catchment disturbance (period I: 3 June–7 November 2013, average: 7.5 mm d-1). 

Corresponding average daily streamflow values nearly doubled (from 2.9 mm to 5.6 mm d-1). 

The flow duration curves for periods I (pre-Haiyan) and III (post-Haiyan) shown in Figure 

3.4 confirm the greater streamflow range during the post-Haiyan period. Expressing the 

‘flashiness’ of the flow as the ratio between the streamflows that were exceeded for 10% and 

90% of the time (F10/90), the post-disturbance F10/90 of 122 was nearly three times larger than 

the pre-disturbance value of 44 (Figure 3.4). Stormflow Qq made up a very large part of total 

runoff Qt: 56% for period I versus 68% for period III (Table 3.1 and Supporting Table 3.2). 

Total Qq for the study year amounted to 1214 mm (61% of Qt) versus 725 mm of baseflow 

(39% of Qt). 

The apparent evapotranspiration ET decreased from a pre-disturbance value of 4.7 mm d-1 

to 3.6 mm d-1 during period III (Table 3.1). The corresponding value derived for the 15-day 

period immediately after the Haiyan event (period II), when trees and shrubs were defoliated 

and grasses beaten down was much lower (~1.5 mm d-1; Table 3.1), although we have to note 

that the uncertainties in the total precipitation inputs during the Haiyan event and in the 

streamflow data afterwards are considerable.  

 

Figure 3.4 Flow duration curves for daily streamflow before (orange curve) and after (dark 
blue curve) passage of typhoon Haiyan. The two broken vertical lines indicate the streamflow 
values that are exceeded for 10% and 90% of the time, respectively. 
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Table 3.1 Water budget component totals for the Basper micro-catchment for three specific 
periods within the study year. Period I: 3 June–7 November 2013; period II: 8–22 November 
2013; period III: 23 November 2013–2 June 2014. P = precipitation, Q = streamflow, 

S+G) = change in soil water and groundwater storage; ET = apparent evapotranspiration. 
Streamflow totals for periods I and III include some gap-filled data using the HBV-light 
model (cf. Supporting Figure 3.2). Streamflow for period II estimated via regression on daily 
rainfall for stormflows (cf. Figure 3.6a) and via recession analysis for baseflows (cf. Figure 
3.5). Annual values for Q and ET rounded off to nearest 5 mm. 

Period Days 
P 

(mm) 

Q 

(mm) 

S+G) 

(mm) 

ET 

(mm) 

ET 

(mm d-1) 

I 158 1187 452 -5 740 4.7 

II 15 469 448 -1 23 1.5 

III 192 1709 1085 -61 685 3.6 

Annual 365 3365 1985 -67 1445 4 

 

3.4.2 Streamflow recession 

   The streamflow recession rates during the two periods did not differ significantly (Figures 

3.5a and 3.5b). Recessions in both cases could be described by three superimposed linear 

reservoirs with pre-Haiyan recession constants (k-values in Figure 3.5 converted to d-1) of 

0.024 d-1 for the slowest (groundwater) reservoir, 0.34 d-1 for the intermediate reservoir, and 

2.88 d-1 for the fastest reservoir. Corresponding values for post-Haiyan conditions (period II) 

were 0.062, 0.43 and 5.64 d-1, respectively.  
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Figure 3.5 Master recession curves for the Basper micro-catchment, as represented by the 
outflow from three superimposed linear reservoirs during (a) pre-Haiyan-, and (b) post-
Haiyan conditions. Exponents of the respective equations represent corresponding reservoir 
constants (h-1). 

3.4.3 Runoff response to rainfall before and after passage of typhoon Haiyan 

Runoff response to rainfall at Basper was rapid, with a median pre-disturbance rising limb 

duration amounting to only 25 min (0.42 h); the corresponding value for post-Haiyan 

conditions (period III) was 78 min (1.3 h; Table 3.2). Although median event rainfall amount 

(P) and intensity (I), as well as the median three-day antecedent precipitation index (API-3) 

were not significantly different for the pre- and post-Haiyan event data-sets, post-Haiyan 

medians of peak flow Qp, stormflow depth Qq, and storm runoff coefficient Qq/P were 
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significantly larger (Table 3.2). The median post-Haiyan storm runoff coefficient was 2.6 

times higher (22.7% versus 8.7% for the pre-Haiyan period).  

   Stormflow runoff coefficients (Qq/P) increased with rainfall although the spread in the data 

was fairly large (Supporting Table 3.1). Pre-typhoon values ranged from a modest 7 ± 8% 

(SD) for small events (5–10 mm of rain) to 23–26% for intermediate events (20–40 mm) and 

55% for a very large rainfall event (154 mm). Equivalent values for the post-Haiyan period 

were slightly larger but the difference was not statistically significant (Supporting Table 3.1). 

   Stormflow amounts Qq for individual events also increased rapidly with rainfall amount, 

both before and after Haiyan (R2 = 0.89 and 0.99 for Period I and III, respectively). Although 

the two relationships describing pre- and post-Haiyan conditions were not significantly 

different, post-Haiyan values of Qq for a given rainfall amount tended to be slightly higher 

(Figure 3.6a).  

   Overall weighted mean values of Qq/P for the two periods (derived by dividing cumulative 

Qq for all examined events during a period by the corresponding cumulative P) were 24% and 

47%, implying a doubling of Qq/P during the post-typhoon period (Table 3.2). Converting the 

pre- and post-typhoon median Qq-values to equivalent Minimum Contributing Areas (MCA; 

Dickinson and Whiteley, 1970) suggested median MCAs of 0.28 and 0.72 ha, respectively.  

   Peak streamflow Qp increased (non-linearly) with event rainfall amount in both periods 

(Figure 3.6b) but the correlations were less strong than the corresponding Qq–P relationships 

(rs = 0.78 and 0.86 for Period I and III, respectively). Nevertheless, peak flows for a given 

rainfall were significantly higher for post-Haiyan conditions compared to the pre-disturbance 

situation (Figure 3.6b).  

   Figure 3.7 shows the influence of the maximum 15-min rainfall intensity recorded during 

an event (Imax_15, expressed as mm h-1 equivalent) on the magnitude of the stormflow volume 

and peak streamflow. Because the weir overflowed during some larger events (leading to 

some uncertainty in peak-flow estimates, see Methods), a distinction was made between 

‘regular’ events (no overflow) and events with weir-overflow conditions for up to 25% of the 

stormflow duration (n = 5 during the pre-Haiyan period, n = 14 post-Haiyan). Neither type of 

stormflow amount was affected by Imax_15, not even for very high values of Imax-15 (Figure 

3.7a). There was a clear threshold in the relation between Qp and Imax_15, with the magnitude 

of the threshold differing between the two periods. Before Haiyan, Qp increased more with 

rainfall intensity after Imax_15 exceeded ~25 mm h-1, whereas during the post-Haiyan period, 
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the response was both more pronounced (3–4 times larger) and earlier (for Imax_15 > ~15 mm 

h-1; Figure 7b). However, correlations were generally poor (Figure 3.7). Using the maximum 

5- or 30-min rainfall intensities instead of Imax_15 gave very similar results (not shown).  

 

Figure 3.6 (a) Stormflow depth Qq and (b) peak discharge Qp as a function of event rainfall 
amount P for the pre- and post-Haiyan periods.  
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Figure 3.7 (a) Stormflow volume Qq and (b) peak flow rate Qp (in mm h-1 equivalent) as a 
function of the maximum 15-min rainfall intensity per event for the pre- and post-Haiyan 
periods.  
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3.4.4 Effect of antecedent soil moisture conditions on runoff response 

   Both during the pre- and post-typhoon period, storm runoff was a threshold function of the 

integrated antecedent soil water content in the upper 60 cm of the soil profile (ASWC) plus 

precipitation P, in that both Qq and Qp increased rapidly beyond a critical value. As shown in 

Figure 3.8, threshold values differed somewhat between the sites where soil water contents 

were monitored. For the upper slope location (station S1), a threshold value of ~325 mm for 

ASWC + P was derived versus ~250 mm at the mid-slope site S2 (Figures. 3.8a and 8c 

versus Figures. 3.8b and 3.8d). The threshold value for the mid-slope site fell between the 

depth-integrated (0–60 cm) amounts of soil water at saturation (270 mm) and field capacity 

(230 mm), but nearly coincided with saturated conditions at the upper site (345 mm; cf. 

Supporting Figure 3.3). Correlations after the threshold values were generally stronger for the 

relation between stormflow amount and ASWC + P (pre-Haiyan values of R2 = 0.56–0.96) 

than for the relation between peak flow and ASWC + P (R2 = 0.44–0.54). There were no 

significant differences in the relations for pre- and post-Haiyan conditions, except for a 

possible tendency towards a slightly higher threshold value at the upper site during the post-

Haiyan period (Figures. 3.8a and 3.8b). The strength of the post-Haiyan correlations was 

again much greater for Qq (R
2 = 0.99 at both measuring sites) than for Qp (R

2 = 0.40–0.43; 

Figure 3.8).  

3.4.5 Landslide incidence during typhoon Haiyan  

   During the passage of typhoon Haiyan on 8 November 2013, very strong winds (up to 314 

km h-1; Nguyen et al., 2014) caused defoliation of the regenerating vegetation in the central 

part of the catchment, as well as massive damage to tree stems and branches (Figure 3.1b). 

The high rainfall (228 mm of rain was captured during the event by the lower rain gauge, plus 

up to 50 mm of wind-driven precipitation by the fog gauge at site S1) caused the reactivation 

of some existing landslides and the creation of several new ones, including a major landslide 

that partly buried the stream gauging station during the latter phase of the Haiyan event (cf. 

Figure 3.2). No landsliding was observed during the passage of a tropical storm on 28–29 

June 2013 which delivered 154 mm of rain. Landslide surveys conducted before (August 

2013) and after (December 2013) typhoon Haiyan indicated an increase in (projected) 

impervious landslip surface area from 1080 to 2450 m2. These areas represent 3.4% and 7.7% 

of the total catchment area, respectively, implying a 227% increase in potential Minimum 

Contributing Area (Dickinson and Whiteley, 1970) after the passage of typhoon Haiyan. 
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Figure 3.8 Stormflow amount Qq and peak flow rate Qp as a function of the sum of gross 
rainfall P plus antecedent soil water content (ASWC60) in the top 60 cm of soil at the upper 
and mid-slope soil moisture monitoring sites in the Basper catchment for the pre- and post-
Haiyan periods. 
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3.4.6 Catchment sediment yield 

   Although suspended sediment concentrations (SSC) for manually collected rising-stage 

samples were generally higher than for corresponding falling-stage samples during the pre-

Haiyan period, SSC-values obtained with the single-stage samplers were typically 

intermediate between either type of manually collected sample (Figure 3.9a). The slope of the 

resulting sediment rating curves for pre- and post-Haiyan conditions (i.e. periods I and III) 

did not differ much between the two periods, but SSC-values for a given instantaneous 

streamflow were much enhanced (2–6 times, with an overall average streamflow-weighted 

factor of 3.5) after typhoon passage (Figure 3.9b). Combined with the higher stormflows and 

generally higher daily streamflow at the height of the wet season (November–January) during 

the post-Haiyan period (Table 3.2 and Figure 3.3) this suggests strongly enhanced suspended 

sediment transport during periods II and III (Table 3.3). While the figure derived for period II 

is particularly uncertain because of the estimated daily streamflow totals, there can be little 

doubt that overall suspended sediment export from the landslide-impacted Basper catchment 

during the study year was both substantial at ~25 t ha-1 yr-1 and heavily dominated by post-

Haiyan sediment transport (94% of the estimated annual total suspended load; Table 3.3).  

   Accumulated bedload volumes roughly mirrored corresponding stormflow totals per 

collection period, with the greatest amount of bedload movement being associated with the 

extreme Haiyan event (Figure 3.10 and Supporting Table 3.2). Overall sediment export in the 

form of bedload amounted to a modest 2.1 t ha-1 yr-1 or 8% of the total sediment load (Table 

3.3). 

Table 3.3 Amounts of suspended sediment (SSL) and bedload (BL) carried by the Basper 
stream during three specific periods within the study year. Period I: 3 June–7 November 
2013; period II: 8–22 November 2013; period III: 23 November 2013–2 June 2014. SY = 
total sediment yield. 

Period 
SSL  

(t ha-1) 
BL  

( t ha-1) 
Total SY  
(t ha-1) 

BL  
(%) 

I 1.4 0.2 1.6 12 

II 9.3 1.2 10.5 12 

III 14.6 0.7 15.3 4.5 

Annual 25.3 2.1 27.4 8 
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Figure 3.9 (a) Sediment rating curves for the Basper stream during pre-Haiyan conditions as 
a function of different sampling strategies. Green triangles: grab samples during rising 
stages; blue circles: grab samples during falling stages; orange circles: single-stage 
samplers (rising stages). The latter values represent average suspended sediment 
concentrations (SSC) and their standard deviations (vertical bars) for successive sample 
bottles in the rack. (b) Sediment rating curves for pre- and post-Haiyan conditions based on 
single-stage sampler data only (standard deviations indicated by vertical bars). 
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Figure 3.10 Cumulative bedload accumulation behind the Basper weir during the study year 
plus corresponding cumulative stormflow totals (Qq). Actual values are listed in Supporting 
Table 3.1. Sediment volume accumulated between 10 February and 2 June 2014 estimated by 
multiplying the average bedload ‘concentration’ per mm of stormflow in January 2014 times 
the total stormflow between the two dates (254 mm). 

3.5 DISCUSSION 

3.5.1 Tropical grassland runoff response  

Runoff response to rainfall in the Basper fire-climax grassland catchment was pronounced, 

with an overall pre-Haiyan stormflow coefficient (Qq/P) of 24% versus 47% for post-Haiyan 

conditions (period III) (Table 3.2). Such storm runoff coefficients are high to very high, even 

compared to findings for wet lowland tropical locations with an impeding layer (i.e. low 

hydraulic conductivity Ksat) at shallow depth, which are known to produce more storm runoff 

than sites having deeper and/or more permeable soils (Elsenbeer, 2001; Chappell et al., 2007; 

Chappell et al. 2012). For the former conditions, Germer et al. (2010) and de Moraes et al. 

(2006) reported average wet-season values of Qq/P for two micro-catchments (0.7 ha each) 

under lightly grazed pasture in Rondônia and Eastern Amazonia of 18% and 21% (year with 

average rainfall), respectively, while Gilmour (1977) obtained an overall value of ~30% for a 

partially converted lowland rain forest catchment in northern Queensland subject to extreme 
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precipitation inputs during tropical storms and cyclones. Although the way in which these 

Qq/P-values were derived differed somewhat between studies, the bulk of the stormflow 

produced at the three locations consisted of overland flow, mostly of the saturation-excess 

type (SOF) due to a rapidly decreasing Ksat with depth that resulted in the formation of 

perched water tables and gradually expanding hillside saturation during times of peak rainfall 

(Bonell et al., 1981; de Moraes et al., 2006; Germer et al., 2010). The very low values of 

surface Ksat at the Eastern Amazonian site of de Moraes et al., 2006) suggest that infiltration-

excess overland flow (IOF) was important as well. Further, Qq/P-values at the respective sites 

increased with catchment wetness status and rainfall input (Germer et al., 2010; de Moraes et 

al., 2006; Howard et al., 2010), as also found in this study (Supporting Table 3.1). 

Interestingly, storm runoff coefficients per rainfall size class at Basper (Supporting Table 3.1) 

were very similar to corresponding values derived by Howard et al. (2010) for forested and 

grassland catchments during the main monsoon season in northern Queensland that are 

generally regarded as some of the most responsive humid tropical catchments described to 

date (Bonell, 2005; cf. Chappell et al. 2012). 

   Comparative published data for tropical fire-climax grassland catchments (as opposed to 

man-made grasslands) are all but non-existent, although several studies have reported on 

overland flow production at the plot scale in Imperata grasslands in Indonesia (Coster, 1938) 

and the Philippines (northern Luzon: Jasmin, 1976; Southern Leyte: Chandler and Walter, 

1998). Observed amounts of overland flow were low to modest in the absence of grazing and 

burning, even during years with high rainfall (5–13% of P; Coster, 1938; Jasmin, 1976) but 

an extremely high surface runoff fraction (as much as 69% of P) was reported for a severely 

overgrazed grassland by Chandler and Walter (1998). While overland flow in the latter case 

consisted entirely of IOF (Chandler and Walter, 1998), occasional SOF cannot be excluded in 

the Luzon grassland investigated by Jasmin (1976) considering the reportedly high soil 

infiltration capacity.  

   The Ecosystems Research and Development Bureau in the Philippines monitored 

streamflow from a lightly grazed micro-catchment (1.6 ha) under Imperata grassland at 

Angat (Luzon) that was burned annually between 1973 and the early 1990s (Daño, 1995; 

Limsuan, 1995). Although the original daily flow data have been largely lost, monthly and 

annual precipitation (P), total runoff (Qt), and storm runoff (Qq) data for the period 1974–

1988 (A.M. Daño, personal communication) allowed computation of the catchment’s long-

term average Qq/P-value. Annual stormflow coefficients were high to very high (29–53%), 
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with an overall average value of 43 ± 6%, i.e. very similar to the post-Haiyan value derived 

for the Basper grassland (47%, Table 3.2). The Angat catchment’s suspended sediment yield 

(5–6 t ha-1 yr-1) was low by Philippine standards (Daño, 1995; cf. White, 1990) – possibly 

implying low to modest surface erosion. Stormflow made up 94% of Qt on average, while 

apparent ET (approximated by P – Qt) was 1725 mm yr-1, suggesting considerable leakage 

losses.  

3.5.2 Runoff response in the Basper fire-climax grassland: a conceptual model 

   With 64% of its total runoff being supplied by stormflow (or 38% of P), the Basper 

grassland micro-catchment ranks as one of the most responsive humid tropical sites described 

to date (as reviewed by Bonell, 2005; cf. Fritsch, 1993; Godsey et al., 2004; Howard et al., 

2010). It also appears more responsive than several (forested) steepland catchments subject to 

regular typhoon incidence in Taiwan (average Qq/P: 12–26%; Cheng et al., 2002; Chang et 

al., 2013). Yet, the Basper catchment lacks the typical characteristics that have been identified 

as key factors leading to such a pronounced response, such as the presence of: (i) a wide 

valley bottom and gentle footslopes prone to localized SOF (Fritsch, 1993; Germer et al., 

2010); (ii) an impeding layer at very shallow depth (10–20 cm) under high rainfall conditions 

leading to widespread hillslope SOF (Bonell et al., 1981; Elsenbeer et al., 1992; de Moraes et 

al., 2006); or (iii) near-surface pipes feeding rapid return flow to footslopes and headwater 

gullies (Elsenbeer and Vertessy, 2000; cf. Chappell, 2010). What then makes the Basper 

grassland so responsive? Arguably, two aspects set the study catchment apart: (i) its 

proneness to landsliding (Figure 3.2), and (ii) the low to very low hillside Ksat-values 

throughout the soil profile (Chapter 2). 

   Landslip faces at Basper were effectively impermeable (Chapter 2; cf. Merz and Mosley, 

1998) and IOF was commonly seen on these during rain events (Supporting Figure 3.4a). 

However, although the 2.6-fold increase in median pre- and post-Haiyan storm runoff 

coefficients (from 8.7% to 22.7%, Table 3.2) was roughly proportional to the corresponding 

increase in the surface area occupied by landslides (2.3 times: from 1080 to 2450 m2), the 

Minimum Contributing Area equivalents of the median pre- and post-Haiyan stormflow 

fractions (0.28 and 0.72 ha; Table 3.2) were up to three times larger than the contributing 

areas represented by the landslides. Nevertheless, pre- and post-typhoon landslide surface 

areas were ca. 2.7 times larger than the respective MCA-equivalents of the lower 25th 

percentile stormflow values (Table 3.2), indicating landslide surfaces were important as a 
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source area for storm runoff during smaller events. Additional runoff contributions are 

needed, however, to explain the observed high stormflow volumes. 

   Large macropores in the form of former root channels or animal burrows were rarely 

observed; they appeared to be absent in the upper slope profiles dominated by grasses and 

sedges but were occasionally seen in the top layer beneath the regenerating forest in the 

riparian zone (Quiñones, 2014). Hence, rapid subsurface contributions to stormflow (if any) 

would appear to be restricted to a narrow riparian zone. This leaves hillside IOF and/or SOF 

as the chief remaining potential storm runoff contributing processes. The soils on the upper 

slopes and ridges (site S1) appeared to be saturated for most of the time at depths below 45 

cm but were better drained around 30 cm depth, although the top-layer approached saturation 

during the peak rainy months (Supporting Figure 3.3). Manually measured groundwater 

levels taken shortly after major rainfall events were restricted to the subsoil (always > 70 cm) 

and not seen to rise to the surface to produce SOF (cf. Godsey et al., 2004; de Moraes et al., 

2006). Similarly, at the mid-slope site S2, soil water contents always remained below 

saturation at depths greater than 40–60 cm, although occasional saturation during times of 

peak rainfall may have occurred at 20 cm depth, and possibly at 10 cm depth (Supporting 

Figure 3.3). Nevertheless, groundwater levels were also low at this site, suggesting SOF did 

not occur on the mid-slope segment either. However, SOF cannot be excluded for those parts 

of the riparian zone that exhibited a shallow layer of soil over fractured weathered rock 

(Supporting Figure 4b; Quiñones, 2014). Indeed, groundwater levels at piezometer G1 (cf. 

Figure 3.2) occasionally rose to within 5 cm below the surface during times of peak rainfall 

(Supporting Figure 3.5). Finally, the fact that both the median surface infiltrability (2.1 ± 0.4 

mm h-1) and median near-surface Ksat (2.85 mm h-1 at 20–50 cm depth) beneath grasses and 

shrubs were lower than or similar to the median 5-min rainfall intensity (3.2 mm h-1 hourly 

equivalent) may be taken as a strong indicator of the importance of IOF as a source of storm 

runoff at Basper (Chapter 2). Values of Ksat measured at three locations within the 

regenerating riparian vegetation were not higher than those beneath Imperata grass or shrubs 

on the hillslopes (Quiñones, 2014), hence hillside IOF is not likely to completely re-infiltrate 

on the footslope (cf. Woolhiser et al., 1996; Chappell et al., 1998). Although values of 

surface- and near-surface Ksat may have been underestimated by the use of a relatively small 

infiltrometer (15 cm inner diameter) and because of possible borehole smearing, respectively 

(see Chapter 2 for fuller discussion), there is little doubt that hydraulic conductivities for the 

majority of the soils at Basper are low to very low. Further, while direct observations of IOF 
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occurrence away from landslip surfaces (Supporting Figure 3.4a) are lacking (cf. Jasmin, 

1976; Chandler and Walter, 1998), support for the contention that storm- and peakflow 

generation at Basper is dominated by IOF comes from the fact that: (i) both Qq and Qp 

respond in a linear fashion to rainfall intensity beyond threshold values of 10–15 mm h-1 

(Figure 3.7), and (ii) stream water electrical conductivity values were often low to very low 

during peak flows, indicating major dilution with low-conductivity water such as rainfall and, 

by implication, overland flow (Figure 3.3c; cf. Bruijnzeel, 1983b; Elsenbeer et al., 1995). 

3.5.3 Fire-climax grassland water use 

   Average apparent evapotranspiration (ET) rates for the Imperata grassland plus the young 

regenerating vegetation of the central part of the catchment derived from the catchment water 

budget (Table 3.1) were 4.7 mm d-1 prior to disturbance by typhoon Haiyan (period I) and 3.6 

mm d-1 post-Haiyan (period III). The pre-disturbance ET might seem rather high at first sight 

compared to overall average values reported for grazed pastures across the tropics (typically 

3–4 mm d-1; Van der Molen et al., 2006). Therefore, a possible effect of unaccounted leakage 

losses cannot be entirely excluded, given the very small size of the study catchment. 

However, leakage losses (if any) are likely to be very small, because not only has the stream 

incised itself down to fresh bedrock in the lower section where the flow is perennial and the 

gauging weir is located (cf. Supporting Figure 3.1), but also the recession analysis did not 

show a detectable deviation from linear reservoir theory for the outflow from the 

groundwater reservoir (Figure 3.5). Furthermore, the fact that flows did not cease during 

several extended dry periods (Figure 3.3b) is remarkable in itself for such a small drainage 

area. Also, it is pertinent to remember that the water use of young, vigorous tropical regrowth 

(making up ~14% of the vegetation at Basper) tends to be enhanced relative to that of 

grassland (Hölscher et al., 1997; Giambelluca et al., 2000). Lastly, with the exception of dry 

periods in October 2013 (when the grass started to fade) and in May 2014 (at which time the 

grass did not exhibit any signs of moisture stress despite very low topsoil moisture content in 

the upper part of the catchment), soil water content in the Basper grassland at 20 cm depth 

and below were generally high (Supporting Figure 3.3; see also Chapter 2). Mid-slope topsoil 

moisture values remained well above permanent wilting point (28%; J. Zhang, unpublished 

data). In contrast, at other more seasonal sites, grassland water use has been reported to be 

reduced during the dry season (Wright et al., 1992; Wolf et al., 2011) or even to come to a 

complete halt as the grass went dormant (Waterloo et al., 1999). However, comparably high 

evaporation rates have been obtained at most tropical pasture sites during the transition from 
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the wet to the dry season when neither moisture nor energy are limiting evaporation (3.7–4.2 

mm d-1; Wright et al., 1992; Van der Molen et al., 2006; Wolf et al., 2011). Waterloo et al. 

(1999) observed a strong relationship between the monthly water use and leaf area index 

(LAI) of a fire-climax grassland under highly seasonal conditions in Fiji. At Basper, the 

extreme winds encountered during passage of typhoon Haiyan (> 85 m s-1; Rabonza et al., 

2015) effectively defoliated the trees and shrubs and flattened the grasses (cf. Figure 3.1b), 

thereby likely to greatly reduce ET initially (cf. Table 3.1). Overall post-Haiyan ET-rates are 

therefore likely to have been dominated initially by soil evaporation after the passage of 

typhoon Haiyan (cf. Scatena et al., 2005), with transpiration gradually increasing again as the 

grasses recovered (in January 2014), followed by the gradual refoliation of shrubs and trees 

in March 2014. The LAI of a nearby forest effectively recovered to pre-disturbance values 

after ~3 months (see Chapter 4). The relative magnitude of the average apparent ET-values 

derived for periods II and III – although somewhat uncertain for period II in particular – do 

reflect this expected trend (Table 3.1).  

3.5.4 Landsliding and catchment sediment yield 

   At 27 t ha-1 (of which ~25 t ha-1 yr-1 was carried in suspension and ~2 t ha-1 yr-1 transported 

as bedload; Table 3.3), the estimated sediment yield of the Basper grassland catchment during 

the study year was considerable. For example, the long-term average sediment yield for the 

annually burned grassland at Angat in Luzon referred to earlier (Daño, 1995) was 5.3 t ha-1 

yr-1. Although as responsive hydrologically as the Basper grassland (A.M. Daño, unpublished 

data), slope gradients at Angat were more modest (30–40%) and mass wastage was 

unimportant. However, sediment yields of nearly 40 t ha-1 yr-1 were measured elsewhere in 

Luzon (Magat area) for overgrazed headwater catchments subject to regular fire and 

widespread mass wasting (White, 1996). By contrast, baseline sediment yields for small 

forested headwater catchments in high rainfall (>3000 mm yr-1) areas in South and South-east 

Asia without major landsliding nor subject to tropical cyclones are typically less than 4 t ha-1 

yr-1 (Bruijnzeel, 1983a; Malmer, 1990; Douglas et al., 1992; Gafur et al., 2003).  

   The extreme event of 8 November 2013 (passage of typhoon Haiyan) was decisive in 

several ways. Firstly, an estimated 25 t of sediment (7.8 t ha-1) were exported during this 

particular event alone, which is equivalent to 29% of the annual total. Further, before Haiyan 

(period I, 158 days), only 0.55 t ha-1 of suspended sediment were transported per 100 mm of 

stormflow compared to an estimated 3.4 and 2.0 t ha-1 per 100 mm of stormflow during post-
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Haiyan periods II (15 days) and III (192 days), respectively (Table 3.3). Measured suspended 

sediment transport during period III (15 t ha-1) was 3.5 times higher than predicted for the 

same amount of streamflow using the pre-Haiyan sediment rating curve (Figure 3.9b), 

indicating greatly increased sediment availability after Haiyan, presumably due to the 

landsliding that occurred during the event (cf. Figure 3.2). Interestingly, a previous large 

rainfall event (28–29 June 2013) that delivered 154 mm of rain but did not generate new 

landslides, caused only 1.5 t of sediment to be transported in suspension (0.5 t ha-1). 

Assuming the pre-Haiyan sediment rating curve to represent conditions without major 

sediment contributions by mass wasting, and combining it with measured post-disturbance 

streamflow gave a suspended sediment yield of ca. 7 t ha-1 yr-1 for the June 2013–May 2014 

study period (being similar to the 5.3 t ha-1 yr-1 for the Angat grassland micro-catchment). 

  The situation at Basper is conducive to landslide generation due to a combination of steep 

upper slopes, a less than cohesive subsoil becoming sandier and stonier with depth 

(Quiñones, 2014; cf. Chapter 2), absence of a deep stabilizing root system (cf. O’Loughlin, 

1984; Sidle et al., 2006), and high to very high rainfall (Rabonza et al., 2015). As such, it is 

of interest to examine why the Haiyan event generated so much sediment, while the June 

2013 event did not. Although the two events differed in terms of their total rainfall (~258 mm 

versus 154 mm), rainfall amounts in both cases were well above the 70 mm rainfall threshold 

value identified by Nolasco-Javier et al. (2015) as being required for shallow landslides to 

occur in (non-forested) terrain in the Baguio area, Luzon. Similarly, estimated kinetic 

energies associated with the two storms were well above the critical threshold value of 2000 J 

m-2 proposed by Lin and Chen (2012) for landslide initiation in (forested) Taiwanese 

steepland, although the value associated with typhoon Haiyan (ca. 5500 J m-2) was nearly 

twice that for the June 28-29 event (ca. 2800 J m-2). Further, actual pre-storm water storage in 

the top 60 cm of soil was almost identical on both days as well as during the seven days 

preceding the respective events (cf. Supporting Figure 3.3), while foot-slope groundwater 

levels measured at piezometer G1 reached a higher value during the June event than during 

typhoon Haiyan (Supporting Figure 3.5) despite the higher rainfall associated with the latter. 

However, a major difference between the two situations relates to the fact that the Haiyan 

event had been preceded by a period of low rainfall from mid-August 2013 onwards until 

rainfall increased again around mid-October (Figure 3.3). This dry period caused the 

development of cracks that have facilitated rapid transfer of the heavier rainfall in late 

October and early November to deeper layers, thereby saturating the soil-rock interface to 
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critical levels during the Haiyan event with its maximum 60-min intensity of 81 mm (cf. 

Supporting Figure 3.3), whereas normally much (if not most) of the rainfall would have run 

off the hillslope surface due to the very low hydraulic conductivity of the soils at Basper (cf. 

Chapter 2).  

   The close correlation between landslide incidence and extreme rainfall during typhoon 

passage observed in the Philippines and elsewhere in the region (Nolasco-Javier et al., 2015; 

Nolasco and Kumar, 2018; Lin et al., 2008; Chen et al., 2015) does not bode well for a future 

in which tropical storms and cyclones are expected to become more forceful due to continued 

oceanic warming (Balaguru et al., 2016). Apart from the corresponding increase in stream 

sediment load, areas prone to landsliding like the Basper grassland can be expected to 

become more responsive hydrologically in the future (cf. Chiang and Chang, 2011; Walsh et 

al., 2013), while the progressive loss of the overburden may cause a gradual loss of soil water 

storage potential and eventually lead to diminished baseflows (Rawat et al., 2015; cf. 

Bruijnzeel, 1989). 

3.6  CONCLUSIONS 

   Rainfall, streamflow and sediment yield were determined for the Basper fire-climax 

grassland micro-catchment (3.2 ha) near Tacloban, Leyte Island (Philippines) between 3 June 

2013 and 2 June 2014. The catchment had not been burned or grazed for ten years prior to the 

start of the measurements and the central portion (14%) of the catchment surrounding the 

perennial stream was covered by low but dense regenerating vegetation. On 8 November 

2013 the area was struck by typhoon Haiyan, one of the largest events on record. 

   Runoff response to rainfall was very pronounced, with weighted average storm runoff 

coefficients (Qq/P) being 24% and 47% for pre- and post-Haiyan conditions, respectively. 

The latter value ranks as one of the highest reported in the literature on humid tropical runoff 

responses. Overland flow contributions on landslide slip surfaces (occupying ~3.4 and 7.7% 

of the catchment before and after Haiyan) were important as a source of storm runoff but by 

far not sufficient to explain the high Qq-values that were observed. Macropores were 

observed only occasionally in the soils beneath the regenerating riparian zone forest, 

suggesting rapid lateral subsurface stormflow was probably limited to a very small part of the 

catchment at best. Although near-surface soil moisture was high during the wettest months, 

perched groundwater levels were not observed to reach the surface, except occasionally near 

the stream channel, hence saturation-excess overland flow is likely not a major contributor of 
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storm runoff either. Rather, in view of the low to very low hydraulic conductivities of the 

soils underlying the Imperata grass and shrub as well as the regenerating riparian vegetation, 

infiltration-excess overland flow is considered the dominant runoff generating mechanism at 

Basper. 

   Pre-typhoon water use by the combined Imperata grassland and young regenerating 

vegetation as derived from the catchment water budget was rather high (4.7 mm d-1), possibly 

reflecting a combination of vigorously regenerating riparian vegetation, a generally high soil 

moisture content, and breezy conditions. Post-typhoon evapotranspiration of the heavily 

disturbed vegetation was initially much reduced but recovered somewhat towards the end of 

the study period (3.6 mm d-1). 

   The annual sediment production was high (~27 t ha-1) and greatly exceeded values 

previously reported for fire-climax grasslands in the region that were not subject to 

widespread mass wasting. Post-typhoon sediment transport over a period of six months was 

estimated to be 3.5 times higher than would have been the case without the massive 

landsliding that occurred during the Haiyan event, indicating increased (and possibly 

prolonged) sediment availability. In view of continued oceanic warming and the gradual 

intensification of extreme rainfall events in the region, mass wasting and sediment yields are 

expected to increase in the future. 
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3.7 SUPPORTING MATERIALS  

Supporting Table 3.1 Mean storm runoff coefficients (Qq/P) for different rainfall (P) classes 
at Basper micro-catchment before and after passage of typhoon Haiyan. P = event rainfall, 
Qq = storm runoff, SD = standard deviation. 

Rainfall 
size 

(mm) 

Number 
of 

events 

Mean P ± SD 
(mm) 

Total P 
(mm) 

Total Qq 

(mm) 
Mean Qq/P ± SD 

(%) 

 
 

  5–10 

 
 

14 

 
 

6.8 ± 1.6 

 
Pre-Haiyan (n = 48) 

95 

 
 

6.5 

 
 

7 ± 8 
10–20 20 14 ± 3.3 282 34 12 ± 12 
20–30 3 23 ± 3.2 69 18 26 ± 17 
30–40 8 36 ± 1.9 288 66 23 ± 16 
40–50 2 45 ± 4.0 89 26 30 ± 20 

    50–100 0 - - - - 
 > 100 1 154 154 85 55 

 
 

  0–10 

 
 

13 

 
 

7 ± 1 

 
Post-Haiyan (n = 43) 

86 

 
 
6 

 
 

6 ± 10 
10–20 10 14 ± 2 139 21 15 ± 15 
20–30 7 26 ± 2 179 50 28 ± 13 
30–40 4 37 ± 3 148 61 42 ± 10 
40–50 0 - - - - 

   50–100 5 76 ± 18 381 216 56 ± 5 
  >100 4 155 ± 58 622 369 58 ± 5 
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Supporting Table 3.2 Bedload accumulation (BL, m3) behind the Basper weir between 3 
June 2013 and 9 February 2014 along with corresponding rainfall (P) and stormflow (Qq) 
totals. Bedload value for the period between 10 February and 2 June 2014 was estimated by 
multiplying the average amount of BL per mm of stormflow in January 2014 times the 
stormflow total between 10 February and 2 June 2014. Bulk density of bed sediment was 
taken as 1.2 t m-3 (Rijsdijk and Bruijnzeel, 1990). 

Date 
Period P 
(mm) 

Period Qq 
(mm) 

Period BL 
(m3) 

Cumulative Qq 
(mm)# 

Cumulative BL 
(m3)        (tons)+ 

13/8/13  880 212 0.37 210 0.37 0.45 

21/11/13 749 313* 3.45 525 3.8 4.6 

2/1/2014 595 250 0.29 775 4.1 4.95 

13/1/14 292 148 0.22 925 4.3 5.2 

23/1/14 174 81 0.27 1005 4.6 5.5 

9/2/2014 55 13 0.5 1015 5.1 6.1 

2/6/2014 619 254 (0.5) 1270 (5.6) (6.7) 

*Qq for the period between 8–22 November 2013 was estimated from daily rainfall using the post-
Haiyan regression on stormflow; #Cumulative stormflow totals rounded off to the nearest 5 mm; 
+Cumulative bedload weights rounded off to the nearest 0.05 t. 

 

 

 

Supporting Figure 3.1 View of the compound sharp-crested V-notch weir used for 
measuring discharge at the outlet of the Basper micro-catchment. Inset: view of rising-stage 
sample bottle rack and water-level and electric conductivity sensors (housed in the two blue 
pipes and protected by metal caps). Photograph by J. Zhang. 
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Supporting Figure 3.2 Relations between the 5-min observed (Qobs) and median simulated 
(Qsim) streamflow for the 25 best parameter sets for the (a) pre- and (b) post-Haiyan periods 
using the HBV-light model. 
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Supporting Figure 3.3 Time series of hourly rainfall intensity (a) and volumetric soil water 
content (SWC, %) at different depths at: the Basper grassland upper slope site (b), and the 
Basper mid-slope site (c). Estimates of porosity in the Ap-, AB- and BW-layers are indicated 
by dashed lines. 
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Supporting Figure 3.4 (a) Infiltration-excess overland flow was observed frequently on 
landslip faces during rain. (b) Seepage from the lower left bank soil profile where soil cover 
was shallow and the upper rock material fractured. Photos by J. Zhang.  
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Supporting Figure 3.5 Depth to shallow groundwater table (cm) at piezometer site G1 
(lower left bank) during the study year (hourly values). Hourly rainfall amounts added for 
comparison. 
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IV. 

TYPHOON-INDUCED CHANGES IN RAINFALL 
INTERCEPTION LOSSES FROM A TROPICAL 

MULTI-SPECIES ‘REFOREST’ 
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Chapter 4 
Typhoon-induced changes in rainfall interception loss from a tropical 

multi-species ‘reforest’3 

 

ABSTRACT: Typhoon Haiyan made landfall in the central Philippines on 8 November 2013 

as one of the strongest tropical cyclones ever. It also affected a 23-year-old multi-species 

‘reforest’ at Manobo near Tacloban City. As part of a larger hydrological investigation of the 

impacts of reforestation on streamflow response in the Tacloban area, gross rainfall (P), 

throughfall (TF; 24 roving collectors) and stemflow (SF; 12 trees) were monitored at Manobo 

between June 2013 and May 2014. Leaf Area Index (LAI) above each TF collector was 

measured regularly. Total rainfall interception losses (I) were determined using Gash’s 

revised analytical model for three consecutive periods:(i) pre-Haiyan (baseline), (ii) post–

Haiyan (damaged canopy), and (iii) after initial canopy recovery. Modeled I was 18% of P 

before disturbance, 12% for the period with the most extensive canopy damage, and 17.5% 

after initial canopy recovery. Weighted mean stemflow values accounted for 2.7%, 1.3% and 

2.0% of P for the respective periods. Contrasts in period-average values of I reflected 

changes in LAI as well as wet-canopy evaporation rates. Storm-based TF fractions were 

inversely related to LAI, especially for small storms and low rainfall intensities. Inferred 

hourly rates of wet-canopy evaporation showed a strong positive relationship to hourly 

rainfall intensity during large storms. The model estimated annual losses with and without 

canopy disturbance were 514 mm (15% of P) and 572 mm (17%), respectively. Thus, 

observed and inferred changes in rainfall partitioning after canopy disturbance and initial 

recovery were comparatively modest, likely because the measurement site was relatively 

sheltered from the winds during typhoon passage and re-foliation relatively rapid. However, 

given the predicted increase in occurrence of ‘super-typhoons’ due to continued global 

warming and oceanic freshening, the structure of forests in affected regions can be expected 

to be modified, with potential consequences for rainfall partitioning and hydrological 

response. 

                                                           
3This chapter is based on Zhang J, Bruijnzeel LA, van Meerveld HJ, Ghimire CP, Tripoli R, Pasa A, Herbohn J. 
2018. Typhoon-induced changes in rainfall interception loss from a tropical multi-species ‘reforest’. Journal of 
Hydrology (provisionally accepted). 
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4.1 INTRODUCTION 

   The natural succession of the vegetation in humid tropical areas subject to intensifying 

slash-and-burn cultivation is often arrested by repeated fire, and so-called fire-climax 

grasslands tend to form instead (Garrity et al., 1997; Hooper et al., 2005; Styger et al., 2007). 

Soils associated with these Imperata- and Saccharum-dominated grasslands can be physically 

and chemically degraded, rendering them relatively unproductive (Ohta, 1990; Santoso et al., 

1997) and prone to overland flow generation (Chandler and Walter, 1998; Zhang et al., 

2018a, b) and surface erosion, especially when grazed (Concepcion and Samar, 1995; 

Snelder, 2001a; Ziegler et al., 2009). In response to these problems, fire-climax grasslands 

across the tropics are being targeted increasingly for conversion to more productive and 

environmentally favourable forms of land use, such as reforestation and agroforestry (Otsamo 

et al., 1997; Murniati, 2002; Wishnie et al., 2007; Snelder and Lasco, 2008; Ancog et al., 

2016). Although the harsh environmental conditions and recurring fires typically associated 

with these grasslands tend to preclude the natural re-establishment of forest, the grasses can 

be shaded out by planting fast-growing tree species in combination with intensive initial site 

management (Otsamo, 2000; Murniati, 2002). The associated improvements in below-canopy 

micro-climatic conditions reduce the competitive ability of the grasses and promote the 

germination and development of native tree seedlings, resulting in mixed stands with the 

planted (usually exotic) species dominating the main canopy and naturally regenerating 

native species being dominant in the understory (Lamb, 1998; Otsamo, 2000; cf. Willis et al., 

2016). Thus, although upon maturation the resulting forest neither classifies as a pure 

plantation nor as fully naturally developed secondary forest, a multi-species ecosystem is 

created that may be appropriately called a ‘reforest’ (Chazdon et al., 2016). Secondary forests 

and reforests in various stages of growth constitute the dominant forest type nowadays in 

many humid tropical regions (FAO, 2010; Chazdon, 2014). Yet, our understanding of the 

associated changes in hydrological functioning (Hölscher et al., 2005; Ziegler et al., 2009; 

Dierick et al., 2010; Zimmermann et al., 2013) as well as their impact on streamflow (Beck et 

al., 2013; Lacombe et al., 2016) remains limited. 

   The Philippines, where Imperata grasslands are referred to as cogon, represents a case in 

point. Due to heavy logging and decades of slash-and-burn cultivation, nearly 60% (9.3 Mha) 

of all land officially designated to be under forest is actually without trees (including up to 5 

Mha of cogon; Garrity et al., 1997; Lasco and Pulhin, 2006) and in need of ecological 

rehabilitation (Pulhin et al., 2006; Asio et al., 2009). The country launched an ambitious 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 108PDF page: 108PDF page: 108PDF page: 108

Chapter 4. Typhoon-induced changes in interception loss  

 

98 
 

‘National Greening Program’ in 2011, targeting the planting of trees on 1.5 million ha of 

degraded land, much of it cogon (Aquino and Daquio, 2014). According to FAO (2016), the 

Philippines reforested 240,000 ha between 2010 and 2015, thus reversing the net loss of 

forest cover in the previous years to a net gain. Although tree planting on grass- and 

shrubland has generally resulted in decreases in water yield world-wide (Farley et al., 2005; 

Ford et al., 2011; Lacombe et al., 2016), claims of a positive effect on dry-season flows are 

occasionally reported (Zhou et al., 2010; Krishnaswamy et al., 2012; cf. Scott et al., 2005). 

As part of an investigation into a similar claim that formerly ephemeral streamflow became 

perennial about seven to eight years after reforesting cogon grassland in north-eastern Leyte 

Island (the Philippines) (U. Padecio, personal communication), we measured rainfall 

interception losses (I) between June 2013 and May 2014 in the 23-year-old community-

managed Manobo reforest near Tacloban City. Values of I for semi-mature (10–25 years old) 

secondary tropical forests are often already indistinguishable from those reported for old-

growth forests (e.g. Hölscher et al., 1998; Macinnis-Ng et al., 2012; Zimmermann et al., 

2013). Moreover, average I from tropical forests subject to ‘maritime’ climatic conditions 

(like those prevailing in the Philippines) tends to be roughly twice that inferred for forests at 

mid-continental locations (Roberts et al., 2005; Wallace and McJannet, 2008). While the 

reasons for this contrast are debated in terms of the exact mechanisms involved and the 

sources of the non-radiant energy required to sustain such high rates of evaporation (see 

discussion in Holwerda et al. (2012) and Van Dijk et al. (2015)), the impact of the high I 

observed for ‘maritime’ tropical forests on the overall water budget is potentially large 

(McJannet et al., 2007; cf. Roberts et al., 2005).  

   The Philippine region experiences 6–9 tropical cyclone passages on average per year 

(Cinco et al., 2016) and on 8 November 2013 the Manobo reforest was hit by one of the 

strongest and most devastating events on record (super-typhoon Haiyan – locally called 

Yolanda; Nguyen et al., 2014; Rabonza et al., 2015). It also affected the Manobo reforest. 

This presented an opportunity to study the changes in I associated with: (i) intensive forest 

disturbance and damage; and (ii) subsequent (partial) canopy recovery. Despite the expected 

increase in general typhoon strength (Knutson et al., 2010; Kossin et al., 2014) and the 

frequency of ‘super-typhoons’ in particular due to global warming-induced upper-oceanic 

freshening (Balaguru et al., 2016), studies of the effects of tropical forest disturbance by 

extreme winds (as opposed to gap creation by selective logging; Asdak et al., 1998b; 

Chappell et al., 2001) on the magnitude of I are comparatively rare (Scatena et al., 1996; 
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Waterloo et al., 1999; Heartsill-Scalley et al., 2007). The effect has been shown to last up to a 

year, depending on the degree of canopy disturbance and the rate of re-foliation (Scatena et 

al., 1996; Waterloo, 1994). Point measurements of canopy drip in intact tropical forests have 

also been shown to be inversely related to the density of the canopy overhead (Burghouts et 

al., 1998; Fleischbein et al., 2005; Holwerda, 2005; Zimmermann et al., 2013). We therefore 

hypothesized a strong initial decrease in I after opening up of the forest canopy by typhoon 

Haiyan, followed by a gradual return to pre-disturbance values as the forest’s foliage 

recovered (cf. Heartsill-Scalley et al., 2007).  

4.2 STUDY AREA 

   The Manobo reforest (11°17´N, 124°56´E) is located 8 km northwest of Leyte’s capital city 

Tacloban and 1.8 km from the Pacific Ocean in the East. Elevations range between 33 and 

200 m a.s.l. The study site within the 8.75 ha catchment, where the interception 

measurements were conducted, was at an elevation of ~110 m a.s.l. on a steep SW-orientated 

hillslope (gradient 25–30°). The climate is tropical ever-wet (type Af according to the 

Köppen-Geiger classification) without a clearly developed dry season. Mean annual 

precipitation measured at Tacloban Airport (3 m a.s.l.; 11 km from the Manobo site) between 

rain each) with high inter-annual variability (range: 1435–4790 mm). The regional climate is 

affected by the El Niño Southern Oscillation (ENSO) phenomenon, such that (strong) ENSO 

events usually cause severe drought (Thirumalai et al., 2017; cf. Figure 4.3a). As illustrated 

by the high variability in rainfall amounts observed for wet-season months shown in Figure 

4.3b below, wet-season rainfall depends on the strength of the monsoon and the number of 

tropical storms and cyclones (typhoons) passing through the Philippine archipelago (Cinco et 

al., 2016). On average, five out of 12 months have more than 200 mm of rain each at 

Tacloban (classifying them as ‘very wet’: October–February; Figure 4.3b), while the 

remaining seven months receive on average more than 100 mm each (‘wet’), yielding a value 

of 17 (out of 24) for the Walsh (1996) climatic per-humidity index (PI). April is the driest 

month usually (average rainfall: 127 mm; range: 20–620 mm) and December the wettest (378 

mm on average; range: 90–782; Figure 4.3b). Rainfall at Tacloban is delivered mostly in the 

form of relatively small events (50% of all rain days (defined as having 

mm and 67% <10 mm), but due to its location close to the north-eastern coastline of Leyte 

Island (facing the Western Pacific Basin, one of the world’s premier tropical cyclone 
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generating areas; García-Herrera et al., 2007; cf. de Gouvenain and Silander, 2003) the study 

area receives about 30% of its annual rainfall from tropical cyclones and depressions (Cinco 

et al., 2016). Mean monthly temperatures at Tacloban range from 25.7 °C in January to 

28.1 °C in May, while seasonal variation in average daily relative humidity is small (81–

86%). Average monthly wind speeds at Tacloban vary between 1.5 and 2.4 m s-1, but 

instantaneous wind speeds can be very high (as during typhoon passage; cf. García-Herrera et 

al., 2007; Cinco et al., 2016). Average daily reference evaporation (Allen et al., 1998) 

computed from basic climatic data for Tacloban Airport ranges between 3.0 mm d-1 

(December) and 4.8 mm d-1 (April). 

   The study forest is underlain by mafic rocks (gabbro) of the Tacloban ophiolite complex 

(Dimalanta et al., 2006) in which Eutric Cambisols (FAO, 2006) with a sandy clay loam 

texture have developed. Prior to the mid-1980s, the area consisted of regularly burned cogon 

grassland. From 1990 onwards, members of the displaced Manobo tribe began planting large 

numbers of beech wood (Gmelina arborea Roxb.), mahogany (Swietenia macrophylla King) 

and, to a lesser extent (<5%) coconut palm trees (Cocos nucifera L.) to shade out the 

Imperata and Saccharum grasses. Subsequently, rattans (Calamus spp.) and various 

medicinal plants were added (U. Padecio, personal communication). At the start of the study 

(June 2013), the 23-year-old forest consisted of a mixture of these planted trees and 

numerous naturally regenerating tree species. Average canopy height (determined in May 

2013 for an area of 1850 m2 that included a lower (60 m × 10 m at 80 m a.s.l., SW aspect), 

middle (idem at 110 m a.s.l., SW aspect) and upper (65 m × 10 m at 145 m a.s.l., SE aspect) 

plot) was 7.3 ± 2.4 (SD) m (range 1.9–16.0 m). Average diameter at breast height (DBH) for 

all 324 trees with DBH  was 10.5 ± 6.6 cm, representing an overall basal area of 15.3 

m2 ha-1 (range 12.5–16.5 m2 ha-1). Table 4.1 summarizes the basic structural characteristics of 

the three plots, indicating no clear trends with slope position other than a (slight) decrease in 

average projected crown area (but not tree height, DBH nor basal area) in a downslope 

direction. Based on its intermediate values for LAI (Table 4.1) and mean projected crown 

area, as well as its mid-slope position, the middle forest plot was chosen for the rainfall 

interception measurements. As many as 52 tree species (including six unknown but different 

species) were identified in total; 27–29 tree species were present per plot (Table 4.1). 

Dominant regrowth species included Leucosyke capitellata (Poir) Wedd., Leea aculeata 

Blume ex Spreng., Macaranga bicolor Muell. Arg., and Cananga odorata Lamk. Hook f. & 

Thoms. The natural logarithm of species richness, Shannon's diversity index and species 
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evenness (Mulder et al., 2004) for the three forest plots combined were 3.9, 3.2 and 0.8, 

respectively, suggesting tree species were present in rather similar numbers. Forest floor 

cover by leaf litter in the middle plot (measured once a month on one 1-m2 parcel in each of 

12 sub-plots of 5 m × 5 m between January and June 2014) was 51% on average (range 15–

78% amongst the 12 sub-plots), while herbs and seedlings represented 12% cover on average 

(range 4–33%).  

Table 4.1 Comparative structural characteristics for the three forest plots at Manobo. 
Interception measurements were conducted in the middle plot only. 

Plot 

Tree 
density 

Tree 
height 

DBH 
Crown 

area 
Basal 
area LAI Species 

(ha-1) (m) (cm) (m2) (m2 ha-1) 

Lower 1600 6.6±2.3 10.4±8.0 16.3±15.0 13.6 4.0±0.7# 27 

Middle 1367 7.6±2.5 10.8±6.6 14.5±11.8 12.5 4.8±1.2+ 27 

Upper 2277 7.4±2.4 9.6±5.0 9.4±12.2 16.5 5.7±0.7* 29 
#As measured along central contour of plot on 26 August 2013; +Idem, mean for 7 June and 26 August 
2013; *Idem on 7 June 2013. 

4.3 METHODS 

4.3.1 Field measurements 

4.3.1.1 Determination of rainfall interception 

   Rainfall interception loss (I in mm/collection) was determined as the difference between 

gross rainfall (P in mm/collection) and net precipitation (i.e. throughfall TF + stemflow SF, 

both in mm/collection) over the one-year study period (1 June 2013–31 May 2014). Gross 

rainfall was measured in an agricultural patch just east of the Manobo forest at an elevation of 

40 m a.s.l., as well as on the upper ridge of the study catchment at 220 m a.s.l. using a 

tipping-bucket rain gauge (RG3, Onset Computer Corporation, USA) connected to a HOBO 

Pendant event data-logger. The resolution of the rainfall recorders was 0.25 mm per tip 

(confirmed by manual calibration). Single tips (making up 0.85% of the annual total) were 

not included in the evaluation of rainfall characteristics because of the unknown duration of 

rainfall they represented. Events were separated by a rainless period of at least 4 h to allow 

full drying of the canopy (Schellekens et al., 1999; Dietz et al., 2006). The orifices of the two 

recording rain gauges were placed at ~1 m above ground-level to avoid ground-splash effects. 
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Generally, the average of the amount recorded by the upper and lower tipping-bucket gauges 

was used as the rainfall input for the interception measurement plot, which was situated at an 

intermediate elevation of 110 m a.s.l. Occasional gaps in the record of either gauge were 

filled using corresponding data for the other recording gauge as the respective rainfall 

amounts were strongly correlated ( = 0.91 ; r2 = 0.975). No correction was made 

for wind speeds (which were generally low: 1.9 m s-1 on average at Tacloban Airport and 1.7 

m s-1 at an exposed hilltop in the nearby (3.5 km) Basper grassland catchment), not even 

during typhoon Haiyan, because potential corrections at such extreme wind speeds would 

lead to very high, but unverifiable, rainfall inputs (cf. Førland et al., 1996). Instead, it was 

assumed that the amount of rainfall measured at a relatively sheltered valley-bottom site in 

the Basper grassland during typhoon Haiyan was representative for the rainfall at the study 

forest. In addition, the catch of a recording cylindrical fog gauge located next to the 

anemometer at the Basper hilltop and having a 100% catch efficiency for near-horizontal 

wind-driven rain (Frumau et al., 2011) was used to estimate the extra inputs of wind-driven 

rain during the Haiyan event. Because this type of passive fog gauge has a higher catch 

efficiency than that of a live vegetation (Bruijnzeel et al., 2005), the resulting catch must be 

considered to represent a maximum value. A standard manual rain gauge (100 cm2 orifice) 

was placed next to the lower recording gauge as a check. Event rainfall totals for each gauge 

type did not differ significantly and were strongly correlated (Plower = 1.01Pstandard; r
2 = 0.98). 

In addition, a manual collector of the same type as used for the TF measurements (see below 

for description) was placed next to the lower recording gauge. Again, measurements for the 

two types of gauges were strongly correlated (Y = 1.05X, where Y = manual gauge and X = 

recording gauge; r2 = 0.99). Before typhoon Haiyan, the manual rainfall- and TF gauges were 

generally emptied after each significant event (i.e. on the same day or the next). However, 

after the passage of typhoon Haiyan on 8 November 2013, the trail to access the interception 

measurement site was blocked by numerous fallen trees and branches and the sampling 

frequency was decreased to once a week or occasionally longer until late February 2014. 

From early March onwards until the end of the study period, measurements were typically 

taken every five days. The continuous records of P and TF (gutters) were used to identify 

single storms during such intervals. 

   Throughfall (TF) was measured in the 10 m × 60 m mid-elevation plot (cf. Supporting 

Figure 4.1c). One TF gauge was assigned to each of 24 (i.e. two parallel rows of 12) sub-

plots (5 m × 5 m each) and moved to a new random location within the sub-plot after being 
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emptied for optimal sampling of so-called drip points (where TF tends to concentrate as a 

result of tree architecture; Lloyd and Marques-Filho, 1988; Holwerda et al., 2006). Each TF 

gauge consisted of an 18-litre collector with a 25 cm diameter funnel. A metal wire mesh (1 

cm × 1 cm grid) was placed inside the funnel to minimize coarse organic debris entering the 

sample, whereas a ping pong ball was placed in the centre of the funnel to minimize 

evaporative losses. The collectors were stabilized by placing them inside a metal holder 

equipped with pins that were pushed into the soil. Measured TF volumes were converted to 

equivalent water depth (in mm) by dividing the volume of water in each gauge by the funnel 

area (491 cm2). Next, the regression equation linking the catch of the manual TF-type gauge 

placed in the clearing next to the lower recording rain gauge was used to correct the amounts 

of TF collected by the funnel-type gauges. In addition, TF was measured continuously using 

two fixed V-shaped stainless steel gutters (200 cm × 30 cm × 15 cm each). The gutters were 

placed at ca. 1 m above the forest floor to avoid splash-in from the ground and at an angle of 

10° to the horizontal to encourage rapid drainage. Losses by splash from the gutter system 

were minimized by the V-shaped nature of the sides of the gutter. Each gutter was equipped 

with a tipping bucket (50 ml per tip, confirmed by manual calibration up to intensities of ~2.5 

mm min-1) plus a data-logger (HOBO pendant event logger, Onset Computer Corporation, 

USA). The drainage slot at the end of each gutter was covered by a metal mesh to minimize 

entry of organic debris. The collecting surface of the gutters was cleaned regularly. TF 

volumes measured by the gutters were similarly converted to equivalent water depths (in 

mm) by dividing water volumes by gutter area (corrected for gutter inclination). The catch of 

the two gutters was strongly correlated, both before (r2 = 0.76) and especially after typhoon 

passage (r2 = 0.96–1.00 depending on the period considered) and the respective equations 

were used for occasional gap-filling. Finally, the amounts of TF collected by the recording 

gutters and the funnel-type gauges were averaged using a weighting procedure that took the 

relative surface areas of the two types of gauges into account (cf. Ghimire et al., 2017).  

   Stemflow (SF) was measured on 12 trees which were selected on the basis of three DBH 

categories (four trees per category): small (DBH: 5–10 cm), intermediate (DBH: 10–20 cm), 

and large (DBH > 20 cm). Each tree was equipped with a 25-mm (small trees) or 64-mm 

(large and intermediate trees) diameter plastic hose slit open along its length and fastened 

tightly in a spiral fashion around the tree trunk using nails and silicon sealant. Each collar 

ended in a 22-litre container. Stemflow volumes were measured at the same time as TF. To 

scale up to the plot level, SF was converted to unit ground area (mm) for a given tree 
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category by dividing the total volume (in litres) generated by all trees of that diameter class 

present within the plot, by the plot area (520 m2, corrected for slope inclination). Total SF 

generated by all trees (DBH > 5 cm) within the plot was derived as: = ( × + × + × )             (Eq. 4-1) 

where SFsmall, SFmedium and SFlarge are the average volumes of stemflow for the respective tree 

size classes per event (in litres); A is the plot area (m2) corrected for the average ground slope 

of 30 degrees; and a, b, and c denote the number of small, medium, and large trees present in 

the interception measurement plot (51, 19 and 12, respectively). It is recognized that the 

amounts of SF obtained with Eq. (4-1) may represent an under-estimate because stemflow 

was not measured on trees and saplings with a DBH <5 cm. Although SF-volumes associated 

with these small trees and saplings are generally small on a per-tree basis, their contribution 

to overall plot-scale SF can be significant in forests where they occur in large numbers 

(Manfroi et al., 2004; González-Martínez et al., 2017). The density of trees and saplings with 

DBH <5 cm at Manobo was not quantified. Hence, the possible degree of under-estimation of 

plot-scale SF by the exclusion of contributions by very small trees cannot be determined, 

although the overall absolute effect is likely to be limited.  

4.3.1.2 Leaf area index  

   To explore how changes in canopy density might affect rainfall interception loss (cf. 

Fleischbein et al., 2005), LAI was measured during overcast conditions on 12 occasions 

between early June and late October 2013 (at intervals of 1–3 weeks) at 24 positions within 

the middle 600 m2 interception study plot using a CID Bio-Science CI-110 Plant Canopy 

Imager (cf. Supporting Figure 4.1d). No corrections were applied to account for the effect of 

the measurements being conducted on a fairly steep slope as the main focus was placed on 

relative differences in LAI and the associated over-estimation was expected to be systematic 

and more or less constant (Lin et al., 2011). Due to the difficulty of access associated with the 

infrastructural havoc brought about by typhoon Haiyan in the Tacloban area in November 

2013 plus instrumental difficulties after March 2014, post-typhoon measurements were less 

frequent and less regular (six observations between late November 2013 and early March 

2014). It should be noted that the 24 LAI sampling positions differed somewhat between 

successive dates because they coincided with the positions of the TF gauges which were 

moved regularly for optimum sampling of spatial variability. Although the temporal changes 

in LAI obtained in this way will include a spatial effect, this is considered to be very minor: 
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on three occasions LAI was measured at 48 rather than 24 points and the difference between 

average values for the two groups of 24 data points was insignificant. Further, in an attempt 

to compensate the lack of field measurements between early March and mid-June 2014, a 

relationship was derived between the previously measured LAI-values and corresponding 

values provided by TERRA/MODIS satellite imagery (Knyazikhin et al., 1999) to obtain 

approximate monthly changes in LAI during April–June 2014 (Y = 0.61 X + 2.53, where Y = 

measured LAI and X = satellite-derived LAI; r2 = 0.58, n = 13). 

4.3.1.3  Pre- and post-disturbance forest inventories  

   Two tree inventories were made on the three plots (see study site description): the first one 

in May 2013 (pre-disturbance situation, cf. Table 4.1) and the second in January 2014 (post-

typhoon damage assessment). The three plots were divided into 5 m × 5 m sub-plots (n = 74) 

in which the position and species of all individual trees (DBH   were determined, as 

well as their height (clinometer) and projected crown area (determined from perpendicular 

measurements of crown width and length). No measurements of crown projected area were 

made during the post-disturbance inventory, as many trees had lost at least part of their 

leaves. Instead, four categories of leaf loss were distinguished: (i) less than 25% lost, (ii) 25–

50% lost, (iii) 50–75% lost, and (iv) 75–100% lost. A fifth category concerned trees whose 

entire crown had broken off. In such cases, the height at which the stem was broken (as 

measured from the base of the stem) was recorded, as well as the distance from the point of 

breakage to the first major branch. Further, the condition of the leaves was noted (e.g. 

shredded). The proportion of twig loss was assessed using the same categories as for leaf 

loss. The extent of crown damage was estimated further by observing the size and position of 

the branches that were left on the stem and the diameter of the stem at the point of breakage. 

Finally, a note was made whether a tree was uprooted or not. The degree of damage was also 

recorded for the trees that were used for the measurement of SF. Although none of these trees 

were uprooted during the typhoon (hence the number of sampled trees remained constant 

throughout the study period), three of the trees suffered serious damage (crown pruning, stem 

breakage; cf. Supporting Table 4.3). 
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4.3.2 Modelling rainfall interception  

4.3.2.1 The revised analytical interception model 

   Because the manual TF gauges overflowed during several large events and were mostly 

blown over during the passage of typhoon Haiyan, the revised version of the analytical model 

of rainfall interception (Gash et al., 1995) was used to model the total interception losses for 

three periods with contrasting canopy conditions, i.e. (i) 1 June–7 November 2013 

(undisturbed); (ii) damaged canopy (8 November 2013–28 February 2014; and (iii) 1 March–

31 May 2014 (successively recovering foliage). While an adaptation of the analytical model 

that takes seasonal changes in vegetation LAI into account is available (Van Dijk and 

Bruijnzeel, 2001), this could not be used because of a lack of LAI data for the third period 

(see Section 4.3.1.2). The revised analytical model assumes that rainfall occurs as a series of 

discrete events (defined here as being separated by at least 4 h without rain to allow complete 

drying of the canopy before the next event (see Section 4.3.1.1). Each event of sufficient 

magnitude to fully wet the canopy is sub-divided into three phases: (i) a wetting-up phase 

during which P is less than the amount required to fully saturate the canopy ( ); (ii) a 

saturated phase, during which rainfall intensity (R) exceeds the evaporation rate from the wet 

canopy (E); and (iii) a drying phase after all drip from the canopy has ceased (Gash et al., 

1995). The amount of water needed to completely saturate the canopy is given by:  

   = 1             (Eq. 4-2) 

where  denotes the average rainfall intensity falling onto a saturated canopy (mm h-1). 

Saturated canopy conditions are generally assumed to occur whenever hourly rainfall exceeds 

0.5 mm (Gash, 1979; Schellekens et al., 1999). Sc is the canopy capacity per unit area of 

cover (mm) and is obtained by dividing the canopy saturation value (S) by the 

(dimensionless) canopy cover fraction (c). Similarly, the wet-canopy evaporation rate per unit 

area of canopy cover ( ) is derived by dividing the evaporation rate per unit area of ground 

 by c (Gash et al., 1995). The direct throughfall coefficient (p) is defined as the proportion 

of  rain that reaches the forest floor directly without hitting the canopy, hence c = (1 – p). 

Finally, evaporation from tree trunks is specified in terms of trunk storage capacity, St, and 

the proportion of rain diverted to stemflow, pt.. Gash (1979) has shown that the slope of a 

regression equation between observed interception loss and rainfall (on an event basis) equals 
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, if it is assumed that both  and  are constant for all storms. In this way,  (and thus 

) may be approximated from  when above-canopy climatic observations are lacking 

(Bruijnzeel and Wiersum, 1987; Dykes, 1997; Holwerda et al., 2012). Table 4.2 summarizes 

the respective equations used in the revised analytical model to calculate the overall 

interception loss.  

Table 4.2 The equations describing the five components of rainfall interception in the revised 
analytical model (after Gash et al., 1995). See text for explanation. 

Component of interception loss              Formula 

m small storms insufficient to saturate the canopy (P < )  

Wetting up the canopy in n large storms (  )  

Evaporation from the saturated canopy until throughfall ceases (  ) 

Evaporation after throughfall has ceased  

Evaporation from trunks; q storms with P > St/pt, which 

saturate the canopy 
+  

 

4.3.2.2 Derivation of canopy parameters used in the revised analytical model 

   Values of p and S for the respective periods with contrasting canopy conditions were 

estimated using the method of Jackson (1975). In this approach, the canopy gap fraction p is 

derived as the slope of the regression equation linking P and TF for storms that are too small 

to fill the canopy storage (conventionally using events with P 

obtain the canopy saturation value, a line of unit slope is drawn through the highest data 

points in a graph of event-based P versus corresponding net precipitation (Pnet) beyond an 

inflection point that is defined by the intersection of the two regression lines between P and 

Pnet for storms that do, and those that do not, fill the canopy storage (Jackson, 1975). Rainfall 

at the inflection point equals (Pnet + S) if evaporation losses during canopy wetting are 

ignored. However, drawing a line of unit slope through the higher data points to represent 

events with minimal evaporation losses introduces a certain measure of subjectivity for which 
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this type of approach has been criticized (Klaassen et al., 1998). Also, neglecting evaporative 

losses during canopy wetting causes S to be over-estimated somewhat by the Jackson method. 

Therefore, Klaassen et al. (1998) advocated the use of the ‘mean method’ in which S is 

determined as the positive intercept with the Y-axis of a regression between event-based 

rainfall and interception loss. The stemflow parameters St and pt were derived following Gash 

and Morton (1978) as the negative intercept and the slope of the linear regression of SF on P, 

respectively. 

4.3.3 Statistical analysis 

   Because of the partial defoliation of the Manobo reforest during the passage of typhoon 

Haiyan and the subsequent gradual re-foliation of the canopy – both of which were 

hypothesized to have a substantial effect on the forest’s capacity to intercept and re-evaporate 

rainfall – the one-year study period was divided into three periods representing these 

contrasting canopy conditions: (i) Period 1 – fully foliated prior to typhoon Haiyan (1 June–7 

November 2013); (ii) Period 2 – heavily defoliated post-Haiyan (8 November 2013–28 

February 2014); and (iii) Period 3 – successively recovering foliage (1 March–31 May 2014). 

   The rainfall, throughfall and stemflow data were not normally distributed. Therefore, the 

Kruskal-Wallis test was used to test for differences between median values for the different 

periods followed by the Mann-Whitney-Wilcoxon test for pairwise comparisons between 

groups after applying a Bonferoni correction. A significance value of p = 0.05 was used 

throughout. Statgraphic Centurion XVII version 17.2.00 software was used for all statistical 

analyses. 

4.4 RESULTS 

4.4.1 Effect of typhoon Haiyan on forest structure and LAI 

   Damage inflicted to the trees of the Manobo forest by typhoon Haiyan was substantial 

(Tables 4.3 and 4.4). Not one of the 82 trees with DBH 5 cm in the interception 

measurement plot (600 m2) was left undamaged. Eighteen trees (22%) were heavily affected: 

two trees were uprooted, seven trees had the upper portion of their crown blown-off and nine 

trees had their top pruned (Table 4.3). All trees in the plot experienced some degree of canopy 

damage; 72% of the trees had at least 50% damage, while 11% lost their entire crown (Table 

4.4). Damage to the upper plot was even more pronounced due to its more exposed location 

(80% of the trees had damage level 3 or higher (i.e. >50% leaf loss), 28% had their top 
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pruned and 9% were uprooted; Table 4.3 and Supporting Figures 4.1a,b). The more sheltered 

lower plot experienced less damage (58% of trees with damage level 3 or more; Table 4.4). 

Table 4.3 Damage to the Manobo forest inflicted by typhoon Haiyan: general assessment of 
the three forest plots. 

Plot / Damage type Uprooted 
Crown 

lost 
Upper portion 

Cut 
Top pruned 

Canopy 
damaged 

Lower plot 
    Trees affected 0 0 12 2 96 

    Idem (% of total) 0 0 12.5 2.1 100 
Middle plot 

    Trees affected 1 1 7 9 82 
    Idem (% of total) 1.2 1.2 8.5 11 100 

Upper plot 
    Trees affected 13 2 15 41 148 

    Idem (% of total) 8.8 1.4 10.1 27.7 100 

Table 4.4 Distribution of typhoon-inflicted damage levels for individual tree crowns in the 
three survey plots. Percentage values in brackets are rounded off to the nearest integer.  

 Lower plot Middle plot Upper plot 
  Trees with 

canopy 
damage 

Leaf/twig 
loss 

Trees with 
canopy 
damage 

Leaf/twig 
loss 

Trees with 
canopy 
damage 

Leaf/twig 
loss 

Damage level 1  
(0-25%) 

1 
(1%) 

1 
(1%) 

1 
(1%) 

3 
(4%) 

6 
(4%) 

6 
(4%) 

Damage level 2  
(25-50%) 

40 
(42%) 

39 
(41%) 

14 
(17%) 

24 
(29%) 

23 
(16%) 

23 (16%) 

Damage level 3  
(50-75%) 

37 
(39%) 

38 
(40%) 

45 
(55%) 

42 
(51%) 

50 
(34%) 

50 (34%) 

Damage level 4  
(75-100%) 

12 
(13%) 

12 
(13%) 

13 
(16%) 

5 
(6%) 

39 
(26%) 

39 (26%) 

Damage level 5  
(crown cut) 

6 
(6%) 

6 
(6%) 

9 
(11%) 

8 
(10%) 

30 
(20%) 

30 (20%) 

   

   Pre-Haiyan LAI-values varied mostly between 4.0 and 5.9 (average LAI = 5.1 ± 0.65 (SD), 

n = 12), with the lowest values recorded in the second half of July and late October after 

several weeks of relatively low rainfall (Figure 4.1a). In line with the strong defoliation 

caused by typhoon Haiyan, LAI measured four weeks after the typhoon on 5 December 2013 

was distinctly lower (2.9 ± 0.9). However, LAI recovered to 4.2–4.5 by late January 2014 
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(i.e. after ca. 10 weeks) and to 5.4 by early March despite low rainfall in February (Figure 

4.1a). The latter value is similar to the LAI at the start of the observations in June 2013 

during times of ample rainfall, suggesting more or less full recovery of leaf area in the middle 

forest plot after about four months. The average LAI (4.0 ± 0.6; n = 5) for the initial post-

disturbance period (8 November 2013–28 February 2014) was significantly lower than the 

average pre-storm LAI (p < 0.005). At 4.7 ± 0.5 (n = 5; Figure 4.1a), average LAI for the 

period of largely recovered leaf surface area (period 3) as inferred from remotely sensed 

values (March–June 2014) was lower but did not differ significantly from the measured or 

remotely-sensed pre-disturbance averages at the 95% confidence interval. 

 

4.4.2 Spatio-temporal contrasts in LAI  

   The temporal variation in LAI differed between sub-plots within the middle forest plot 

(Figure 4.1b). Eighteen out of all 24 sub-plots were substantially affected by the typhoon; 

four weeks after typhoon passage, their LAI was more than 33% lower than the respective 

pre-storm averages (shaded sub-plots in Figure 4.1b). The pattern of LAI recovery suggested 

a certain spatial clustering: LAI for some sub-plots largely recovered to the pre-storm value 

by late January 2014 (e.g. sub-plots 11–15, 18–21), while others took until early March (sub-

plots 1–10). In some clusters (e.g. sub-plots 2–4, 7–10, 12–14), LAI-values during the third 

period exceeded pre-typhoon averages, while the reverse was seen in other sub-plots (e.g. 

nos. 16–20; 22–24). Similarly, values determined in early March 2014 were lower than those 

in late January in roughly half of the sub-plots (nos. 15–24; Figure 4.1b), possibly reflecting 

the low rainfall in February (cf. Figure 4.1a). Recovery of LAI in the lowermost plot was 

comparable to that in the throughfall measurement site by early March 2014 (i.e. about four 

months after Haiyan), but that in the more heavily damaged upper plot was still very limited 

(Figure 4.2b), despite the fact that the latter had higher LAI values than the other two plots 

prior to disturbance (Figure 4.2a). 
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Figure 4.1 (a) Average leaf area index (LAI, solid circles) plus standard deviation (error 
bars) based on 24 point measurements in the middle interception measurement plot at 
Manobo at different times during the study year. Also shown are daily rainfall, remotely 
sensed monthly LAI values (solid triangles) and derived LAI estimates (open triangles) 
assuming the relation between measured and remotely sensed LAI remained constant 
throughout the study period. See section 4.3.1.2 for explanation; (b) LAI for sub-plots 1–24 at 
different points in time; sub-plots that experienced >33% drop in LAI after canopy 
disturbance are indicated by shading. Note that LAI was not measured at exactly the same 
location in each sub-plot (see text). 
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Figure 4.2 (a) Box plots of LAI-values measured at 13 fixed points along the longitudinal 
central line of the lower, middle and upper tree inventory plots at Manobo prior to 
disturbance by typhoon Haiyan (13 August 2013). Average values indicated by central broken 
line and median values by central solid line in each box. (b) Idem on 6 March 2014 (i.e. four 
months after forest disturbance). 

4.4.3 Rainfall characteristics 

Total rainfall during the 1 June 2013–31 May 2014 study period was 3337 mm, including 

an estimated maximum wind-driven input of 50 mm during passage of typhoon Haiyan. 

Rainfall totals for the three different periods with contrasting canopy conditions were 1113 

mm, 1474 mm (including the cited amount of wind-driven rainfall) and 750 mm for the pre-

disturbance, disturbed, and recovery periods, respectively. October 2013 and February and 

May 2014 were drier than usual, whereas June and November 2013 as well as January, March 

and especially April 2014 were wetter than normal (Figure 4.3b). Overall, the study year was 

about 25% wetter than normal. The rainfall was delivered in 238 individual events (separated 

106 occasions (some of which occurred on the same day as larger events), rainfall was <0.5 

mm (totaling 25 mm). Median rainfall sizes per event in the respective periods were 4.8, 5.9, 

and 2.8 mm. 

About 57% of all events (range: 49–71%, depending on the period under consideration) 

occurred mostly during the day-time (between 06:00 h and 18:00 h), 37% (range: 22–45%) 

occurred during the night (between 18:00 h and 06:00 h), while the remaining 6–7% 
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represented continuous rain throughout the day and night (Table 4.5). Events were mostly 

relatively small with 46–60% delivering 5 mm and 84–91% having 

the period under consideration. Only 2–7.5% and 1–2.5% of events were larger than 50 mm 

and 100 mm, respectively, with the largest falls recorded during the wet months following 

typhoon Haiyan (period 2; Table 4.5). Apart from the 8 November typhoon (203 mm plus an 

estimated maximum of 50 mm of wind-driven rain), each of the three periods included one 

large event, all related to the passage of a tropical storm, viz. 28–29 June 2013 (172 mm), 

10–13 January 2014 (190 mm), and 22–24 March 2014 (220 mm). Together, these four large 

events delivered (at least) 785 mm of rain or 24% of the annual total (835 mm and 25% after 

including the estimated contribution by wind-driven rain). More than half (54–69%) of the 

rainfall events lasted less than 1 h, while 4–13% had a duration longer than 5 h, with the 

greatest occurrence of long-duration storms observed during period 2. Rainfall intensities 

were relatively low with as much as 46–57% of events having an intensity of 1–5 mm h-1 and 

only 1.7–5% having average intensities >20 mm h-1. The absolute maximum 5-min rainfall 

intensity was 131 mm h-1. Overall event-based average rainfall intensities for the three 

periods considered ranged from 6.2–7.7 mm h-1, while due to the strongly skewed distribution 

the median rainfall intensities were 4.5–5.4 mm h-1 (Table 4.5). 
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Figure 4.3 Long-term rainfall at Tacloban Airport (1977–2011): (a) Individual (bars) and 
seven-year moving averages (line) of annual rainfall; dark bars indicate El Niño years with 
low rainfall; (b) box plots of long-term monthly rainfall at Tacloban Airport along with 
monthly totals at Manobo during the study year (1 June 2013–31 May 2014, blue line). The 
central mark in the box plots represents the median value; the box edges the 25th and 75th 
percentiles; the whiskers extend to the 10th- and 90th percentiles. Outliers are indicated by 
circles. Source of data for Tacloban Airport: PAGASA Office, Tacloban. 
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Table 4.5 Frequency distributions (%) of selected rainfall characteristics at Manobo forest 
during three periods with contrasting canopy conditions. Period 1: 1 June–7 November 
2013; period 2: 8 November 2013–28 February 2014; 1 March–31 May 2014. 

Rainfall Frequency Period 
characteristic      (%) 1 2 3 

Time of occurrence Day-time 49 50 71 
Night-time 45 44 22 
Continuous 6 6 7 

Event size 
(mm) 

0.5–5 52 46 60 
5–10 20 16 14 
10–20 14 15 14 
20–30 4 7 4 
30–50 7 7 4 
50–100 2 8 3 
> 100 1 3 1 

 
Event duration 
(h) 

< 0.5 33 35 53 
0.5–1 26 19 16 
1–2 24 25 17 
2–5 13 9 7 
5–10 3 7 2 
10–24 1 4 5 
> 24 0 1 0 

 
Event intensity 
(mm h-1) 

1.5–5 50 46 57 

5–10 30 32 28 

10–20 16 16 14 
20–50 3 5 2 
50–100 1 0 0 

 Mean 8 7 6 
Median 5 5 5 

 

4.4.4 Throughfall, stemflow, and interception losses before and after forest disturbance 

   Data for 68 complete manual TF- and SF-collections (i.e. no overflowing or fallen-over 

gauges) were selected to assess spatial variability during each of the three periods with 

contrasting canopy conditions (Table 4.6). Differences in average (and median) TF/P 

fractions between periods were small and not significant despite the fact that the coefficients 

of variation (CV, defined as the standard deviation divided by the mean × 100%) for the 

corresponding cumulative TF totals were quite modest at 12–21% (Table 4.6; Supporting 
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Figure 4.2). After incorporating the gutter-based TF observations for the selected storms the 

differences became more pronounced between the three groups of data with overall average 

cumulative TF/P-fractions of 78%, 85% and 80%, respectively, suggesting a 7% rise in TF/P 

after defoliation (cf. Table 4.8 below). The stemflow data were also highly skewed and 

exhibited large CV-values (61–69%), but stemflow fractions (SF/P) were small throughout. 

The ratio of cumulative SF to cumulative P for the selected collections decreased slightly 

after canopy disturbance and defoliation (from 2.4% in period 1 to 2.1% in period 2; 

difference not significant) and was even lower after foliar recovery (1.6% in period 3; Table 

4.6). Inserting event rainfall amounts into the relationships linking event SF to P for the 

respective periods (Figure 4.7a below) gave average SF/P ratios of 2.7, 1.3 and 2.0% for pre-

Haiyan, disturbed, and recovered conditions, respectively, with an overall annual value of 

1.9%. 

   (Median) event-based SF/P ratios decreased with tree size (DBH) in an exponential fashion 

but differences between the relationships for the three periods were not significant (Figure 

4.4). Small trees (5–

the measurement plot) were estimated to contribute 54% of the total SF at the plot scale 

before canopy disturbance (based on 55 collections). Contributions by large trees (DBH > 20 

cm, 15% of all trees) were 14% (period 1) and 11% (period 2), and 32% and 26%, 

respectively, for medium-sized trees (DBH 10–20 cm, 23% of all trees). Total amounts of SF 

(mm) produced by the small trees were significantly higher than for medium or large trees in 

each of the three periods (81 collections). Pre-disturbance median SF-volumes normalized for 

rainfall amount (i.e. stemflow volume ratio, SVR; Holwerda et al., 2006) for different trees 

ranged from 0.04 0.21 L mm-1 (Supporting Table 4.1), with an overall value of 0.08 L mm-1. 

Pre-disturbance SVR-values for individual trees of a given species were comparable (e.g. 

Cananga odorata, mahogany), but values for similarly sized trees belonging to different 

species differed considerably (e.g. Artocarpus versus Voacanga in Supporting Table 4.1). 

SVR-values were generally reduced after canopy disturbance and did not fully recover to pre-

disturbance values during period 3 (Supporting Table 4.1). Expressed in terms of the 

dimensionless stemflow funneling ratio (i.e. SVR/tree basal area; Herwitz, 1986), median 

values ranged from 1.1–35, with lower values usually associated with larger trees (Supporting 

Table 4.2 and Supporting Figure 4.3). Funneling ratios generally increased with event size up 

to ca. 25 mm of rain (or more in the case of small trees) after which values more or less 

stabilized, although variability was large. Interestingly, the relationships broke down 
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completely after forest disturbance, or changed their mathematical form in the case of some 

trees experiencing major structural damage (e.g. tree L4; Supporting Figure 4.3 and 

Supporting Table 4.3). By definition, changes in funneling ratios for a given tree between 

periods reflected those in SVR, i.e. they dropped after canopy defoliation and structural 

disturbance, and recovered to some extent during period 3 for some (but not all) trees 

(Supporting Figure 4.3).  

Table 4.6 Variability of throughfall and stemflow totals associated with 68 TF- (24 manual 
collectors) and SF collections (12 collectors). NB: recording gutter data for TF not included 
in the computation of coefficients of variation as there were only two gutters. Coefficient of 
variation (CV) defined as the standard deviation (SD) divided by the mean (× 100%). 

Throughfall Period 1 Period 2 Period 3 All 

No. of observations (n) 46 14 8 68 
Total rainfall, P (mm) 654 241 439 1335 
Mean total TF ± SD (mm) 543±62 203±26 362±77 1108±121 
Mean total TF/P (%) 83 84 82 83 
Coefficient of variation of TF (%) 12 13 21 11 
95% confidence interval of TF (mm) 518–568 192–214 331–393 1060-1156 

Stemflow Period 1 Period 2 Period 3 All 

No. of observations (n) 46 14 8 68 
Total rainfall, P (mm) 654 241 439 1335 
Mean total SF ± SD (mm) 15.5±9.4 5.2±3.6 7.2±5.0 27.8±17.3 
Mean total SF/P (%) 2.4 2.1 1.6 2.1 
Coefficient of variation of SF (%) 61 69 69 62 
95% confidence interval of SF (mm) 10–21 4–8 4–10 18–38 
 

4.4.5 Spatio-temporal variations in LAI versus relative throughfall amounts 

   Average TF/P ratios for the three periods more or less mirrored the corresponding changes 

in LAI in an inverse manner (cf. Table 4.6 and Figure 4.1). Similar negative trends were 

obtained when linking average TF/P to average LAI per period for the 24 sub-plots (Figure 

4.5a). The relation was steepest and strongest for the pre-disturbance period (r2 = 0.61; n = 59 

collections), poor (and much less steep) for the canopy recovery phase (period 3; r2 = 0.20, n 

= 17 collections) and non-existent for the period with maximum defoliation (period 2; r2 = 

0.02, n = 9 collections). Examining pre-disturbance data only and distinguishing between 

three event size classes (P < 5 mm, 5–

with the strongest correlation (r2 = 0.64, n = 15 collections) and steepest slope for the 

smallest category (differing significantly from the relations for the larger event classes). The 
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slopes of the corresponding equations for the other two event categories did not differ 

significantly from each other  but their coefficients of determination declined with increasing 

event size (Figure 4.5b). A similar pattern was found when distinguishing between rainfall 

intensity classes (Figure 4.5c). Thus, LAI appeared to exert the strongest influence on relative 

TF amounts (and hence relative I) prior to canopy disturbance for small (P < 5 mm) and low-

intensity (1–5 mm h-1) events (Figures 4.5b, c).  

 

Figure 4.4 Relationships between median stemflow (in mm/tree, expressed as a percentage of 
rainfall, P) and sample tree size (represented by diameter at breast height DBH) for the three 
periods with contrasting canopy conditions. Error bars represent median absolute deviation 
(MAD) of stemflow. Relations for the three periods were not significantly different (p > 0.10).  



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 129PDF page: 129PDF page: 129PDF page: 129

Chapter 4. Typhoon-induced changes in interception loss  

119 
 

  

Figure 4.5 (a) Relative throughfall amounts (TF/P, %) versus LAI for the 24 sub-plots in the 
central Manobo forest plot during three periods with contrasting canopy conditions; and 
mean relative throughfall prior to canopy disturbance as a function of (b) rainfall event size 
(P) and (c) event-averaged rainfall intensity (R). 
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4.4.6 Canopy structural parameters derived from throughfall and stemflow 

measurements   

   Values for the main canopy parameters used in the interception modeling (canopy 

saturation value S, direct throughfall coefficient p, trunk storage capacity St and the 

proportion of rainfall diverted to stemflow pt) were derived for the three periods with 

contrasting canopy conditions from measured P, TF and SF for selected storms (Figures 4.6 

and 4.7). Table 4.7 summarizes the results for the respective periods, along with the 

corresponding values of the amount of rainfall required to fully wet the canopy ( ), and 

average evaporation rates from a saturated canopy ( ) following Gash (1979).  

   The canopy saturation value for the Manobo forest derived with the Jackson method 

dropped from 0.45 mm for the pre-Haiyan period (period 1) to a low 0.30 mm during the 

period with the most extensive canopy damage (period 2), and recovered somewhat 

subsequently (0.35 mm; Figure 4.6 and Table 4.7). Values of S derived with the ‘mean 

method’ were identical to those obtained with the Jackson method for periods 1 and 3, but 

slightly lower (0.24 mm) for period 2 (Figure 4.6, Figure 4.7b and Table 4.7). Changes in the 

direct throughfall coefficient mirrored those for S in that p increased from 0.30 for period 1 to 

as high as 0.61 during period 2 and 0.42 for period 3 (Figure 4.6 and Table 4.7). 

   Although SF constituted only a small fraction of incident P, regardless of canopy conditions 

(Table 4.6), the regression equations linking SF and P were quite strong (Figure 4.7a). 

Stemflow coefficients (pt) ranged from 0.033 for period 1 to 0.015 during period 2, with an 

intermediate value (0.023) for period 3.  

   Correlations between event-based interception loss I and P were less strong than those for 

SF (0.82–0.95) with coefficients of determination ranging from 0.37 (period 2) to 0.69 

(period 3) and 0.70 (period 1; Figure 4.7b). The slopes of the respective equations (i.e. ; 

cf. Gash, 1979) varied from 0.14 (period 1), to 0.10 (period 2) and back to 0.15 (period 3), 

suggesting values of 0.70, 0.55 and 0.66 mm h-1, respectively, for  using median rather than 

average rainfall intensities in view of the strong negative skewness of the latter (cf. Table 

4.5). Finally, combining the values of S, c and   for the respective periods gave values of 

ca. 0.7 mm for the amount of rainfall required to saturate the canopy (Eq. 4-2)  (Table 4.7). 
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Figure 4.6 Derivation of the canopy structural parameters S (canopy saturation value, in 
mm) and p (direct throughfall fraction) for the Manobo reforest using the Jackson method for 
the three periods with contrasting canopy conditions. 
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Figure 4.7 Relationships between event-based gross rainfall and (a) stemflow, and (b) 
interception loss (all in mm per event) for the three periods with contrasting canopy 
conditions. 

4.4.7 Model application 

To estimate period-totals of interception loss that included a number of large storms for 

which TF and SF data were incomplete due to overflowing or disturbed collectors, the 

revised analytical model of rainfall interception was tested against measured I for the data 

from which the forest structural and other model parameter values listed in Table 4.7 were 

derived. The model overestimated the observed total interception loss for the pre-disturbance 

and recovery periods only slightly (by 1.8 and 1.3%, respectively, with corresponding Root 

Mean Square Errors of 0.83 and 0.97 mm), while effectively equaling the observed I for 

period 2 (-0.1%; RMSE = 0.49 mm) (Table 4.8). Optimizing the model for  to minimize 

the RMSE between modeled and observed I (cf. Schellekens et al., 1999; Ghimire et al., 

2017) reproduced observed interception totals for periods 1 and 3 slightly better in terms of 

relative model error (-0.8% and -0.1%, respectively), but did not reduce the associated 

RMSE-values. Optimizing the value of S did not have any effect on model performance. 

Optimizing wet-canopy evaporation rate and the canopy saturation value did not improve 

predictions for the second period either (Table 4.8 and Figure 4.8). Next, the best-performing 

model parameterization was applied to estimate period- and annual totals of I using the 

complete rainfall record. Overall annual I estimated in this way amounted to 514 mm (15% of 

P) with period-values ranging from 18% prior to forest disturbance (period 1) to 12% after 
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extensive defoliation (period 2), and 17.5% during the successive canopy recovery phase 

(period 3) (Table 4.9). 

   The effect of canopy disturbance by typhoon Haiyan on annual I was assessed by 

comparing the previously obtained periodical and annual losses (reflecting the changing 

canopy conditions) with that predicted by the model using pre-disturbance parameter values 

throughout (572 mm or 17% of annual P; Table 4.9). The model attributed nearly three-

quarters (73%) of the predicted annual I for undisturbed canopy conditions to evaporation 

from a fully wetted canopy, 18% to evaporation after rainfall has ceased (drying-up phase), 

and 4% by evaporation during small storms. Losses associated with canopy wetting (2%) and 

evaporation from trunks (3%) were equally minor (Table 4.9). At 58 mm (i.e. 572 minus 514 

mm), the inferred reduction in annual interception loss due to the temporary defoliation 

caused by typhoon Haiyan and the subsequent gradual recovery of LAI at the middle plot is 

modest at best (equaling only 1.7% of annual P but 10% of I for an undisturbed canopy). 

Table 4.8 Comparison of observed and modelled total interception losses at Manobo for 
selected rainfall events during the three periods with contrasting canopy conditions. ETF and 
EOPT denote model runs with throughfall-based and optimized wet-canopy evaporation rates, 
respectively. EOPT-J and EOPT-K (period 2 only) represent model runs with optimized values of 
the canopy saturation value obtained with the Jackson- and the mean method, respectively. 
Optimizing S did not improve the fit of modeled interception losses for periods 1 and 3 either. 

  
Period 1  Period 2  Period 3 

ETF EOPT ETF EOPT-J EOPT-K ETF EOPT 

Number of events 86 51 54 
Total gross rainfall (mm) 610  203  369 
Total throughfall (mm) 476  170  293 
Total stemflow (mm) 15  2  7 
Total measured interception loss (mm) 119  31  70 
Total modeled interception loss (mm) 121 118  31 30 31  71 70 
Modeled minus measured 
 (% relative error) 

1.8 -0.8 
 

-0.1 -2.6 -0.2 
 

1.3 -0.1 

Root Mean Squared Error (mm) 0.83 0.83  0.492 0.490 0.490  0.97 0.97 
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Table 4.9 Modeled individual components of period-total and overall annual interception 
losses for the Manobo reforest during the study year, plus the estimated annual interception 
loss for undisturbed canopy conditions using the revised analytical model of rainfall 
interception with canopy saturation values derived with the ‘mean’ method.  

 Period Annual total 

Interception component (mm) 1 2 3 

Using 
actual 

parameters 
per period 

Using 
pre-

disturbance 
parameters 

m small storms (< ) insufficient to 

saturate canopy 
9 5 4 18 23 

Wetting up of the canopy; n storms 

 which saturate canopy 5 3 3 11 11 

Evaporation from saturated canopy 137 152 103 392 418 

Evaporation from canopy after storms 44 18 19 81 104 

Evaporation from stems 7 3 2 12 16 

Total modelled interception loss 202 181 131 514 572 
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Figure 4.8 Observed and modeled cumulative interception losses as a function of cumulative 
rainfall for selected events during the three periods with contrasting canopy conditions. The 
solid lines denote simulations using canopy saturation values obtained with the ‘mean 
method’ and the broken line the simulation with the canopy saturation values derived with the 
Jackson method (period 2 only). See Table 8 for companion information. 
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4.4.8 Wet-canopy evaporation versus rainfall intensity during (very) large storms 

The data-set used for the calibration of the revised analytical model did not include four 

very large events (during which most, if not all, manual TF collectors overflowed). To test 

whether wet-canopy evaporation rates were substantially different during these very large 

(172–220 mm) events, hourly TF amounts recorded by the two large gutters during the 

raining episodes of three of these events (excluding typhoon Haiyan because of its excessive 

winds and the disturbing effects these had on the measurement of both P and TF as well as 

the forest canopy itself) were compared with corresponding hourly rainfall totals to derive 

associated amounts of apparent I (all in mm h-1). Hourly evaporative losses were positively 

correlated with rainfall intensity, especially for individual events (Figure 4.9). Maximum 

values of hourly interception loss inferred in this way were as high as 5–6 mm and therefore 

far exceeded the period-average wet-canopy evaporation rates (0.55–0.70 mm h-1, Table 4.7). 

Interestingly, the relationship was steeper for the 10 January 2014 event during which time 

LAI was much  reduced (Figure 4.9 and Figure 4.1a). 

Figure 4.9 Hourly apparent 
interception loss (I) versus hourly 
rainfall intensity (R) during three 
exceptionally large storms at 
Manobo before canopy disturbance 
(dark blue circles), during the 
period of maximum defoliation 
(olive green circles), and after 
initial canopy recovery (light-blue 
circles). Stemflow was not included, 
hence interception losses are 
slightly over-estimated. 
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4.5 DISCUSSION 

4.5.1 Typhoon Haiyan’s short-term effects on forest structure  

   Although all trees in the three sample plots (total area 1850 m2) were affected by typhoon 

Haiyan (Tables 4.3 and 4.4), spatial contrasts in the level of incurred canopy damage 

reflected clear differences in site exposure. Damage was more extensive, and recovery of LAI 

much slower, in the more exposed upper forest plot compared to the more sheltered middle 

and lower plots (Table 4.4 and Figure 4.2b). Winds in excess of 100–130 km h-1 can damage 

trees lethally within several hours, while wind speeds above ca. 60 km h-1 typically cause 

large-scale defoliation (Scatena et al., 2005). Maximum wind speeds recorded around the 

time of the cyclone’s landfall in the early morning of 8 November 2013 were as high as 314 

km h-1 (87 m s-1; Rabonza et al., 2015) with wind speeds sustained over 10 min of up to 230 

km h-1 (64 m s-1; Nguyen et al., 2014). Wind speeds experienced by the trees on the ridges 

and uppermost slopes of the Manobo forest are likely to have been equally high. Generally, 

older and therefore taller and more prominent trees tend to be more vulnerable to crown 

damage by high wind (Basnet et al., 1992; Lin et al., 2011), but large trees were effectively 

lacking at Manobo, where 85% of the trees had a DBH <20 cm. Rather, in view of the fact 

that fast-growing species of low wood density are more amenable to damage than slower-

growing later successional species (Putz et al., 1983; Zimmerman et al., 1994), the observed 

high spatial variability in leaf area reduction after typhoon passage (Figure 4.1b) may reflect 

a combination of differences in individual tree height (affecting local turbulence and crown 

exposure) and wood strength (branch breakage). However, despite the extensive crown 

damage recorded during the January 2014 survey (Tables 4.3 and 4.4), LAI values for the 

relatively sheltered middle and lower plots reached pre-disturbance values again after ca. four 

months (6 March 2014, Figure 4.2). Comparable spatial contrasts in forest damage as a 

function of site exposure have been reported for Puerto Rico (Walker, 1991; Scatena et al., 

1993, 1996) and Taiwan (Lee et al., 2008). It has been suggested that planted forests (like the 

Manobo reforest) may be less well adapted than natural forests, and thus suffer greater 

typhoon/hurricane damage (e.g. Caribbean pines in Nicaragua and Fiji: Bouchet et al., 1990; 

Waterloo, 1994; mahogany in Puerto Rico: Basnet et al., 1992). However, the greater damage 

to mahogany trees in the Puerto Rican case was caused in part by the fact that introduced tree 

species had been preferably planted in moister valley soils that provided less anchoring 

opportunity (Basnet et al., 1992). Similarly, typhoon damage to natural broad-leaved forest in 

Central Taiwan was reported to be greater than that to nearby coniferous plantations due to 
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differences in site exposure (Lee et al., 2008). All (exotic) mahogany and Gmelina trees at 

Manobo were severely damaged by typhoon Haiyan and were subsequently felled during a 

timber salvaging operation. With the expected gradual increase in strength of  typhoons in 

general (Knutson et al., 2010; Kossin et al., 2014) and an intensification of ‘super-typhoons’ 

in particular due to global warming-induced upper-oceanic freshening (Balaguru et al., 2016), 

the structure and development of secondary forests in the cyclone-ridden north-western 

tropical Pacific (de Gouvenain and Silander, 2003) is likely to be affected increasingly by 

typhoons in the future (see Lin et al. (2011) and Yao et al. (2015) for a discussion of the 

ecological consequences), despite a slight decrease in the total number of tropical storms 

crossing the Philippines in recent years (Cinco et al., 2016). 

4.5.2 Forest disturbance effects on interception loss 

   Studies of the effects of large-scale tropical forest destruction by wind (as opposed to gap 

creation by selective logging: Asdak et al., 1998b; Chappell et al., 2001) on rainfall 

interception loss are rare. Long-term rainfall and throughfall data for the Bisley forest in 

Puerto Rico suggested a return to normal TF/P ratios within a year after forest wreckage by 

Hurricane Hugo (Scatena et al., 1996), while Heartsill-Scalley et al. (2007) reported further 

enhanced (but unquantified) TF/P ratios for the seven-week period after passage of 

Hurricanes Bertha (1996) and Georges (1998) at Bisley compared to the preceding seven-

week period. Neither study attempted to separate the (strong) seasonal variation in TF/P for 

the Bisley forest (Schellekens et al., 1999) from that incurred by actual storm damage, so that 

the overall effect on annual interception loss remains unknown. Waterloo (1994) estimated I 

from two Pinus caribaea plantations in Fiji before and after they were struck by Cyclone 

Sina in November 1990. There was a major reduction in wet-season I for the younger of the 

two plantations (from 22% in 1990 to 11% shortly after the storm in 1991), but values for 

pre- and post-cyclone dry-season I were already similar (2% higher in 1991 after seven 

months of re-foliation). Pre- and post-storm differences for an older stand were less 

pronounced (3–4% reduction in I) and possibly reflected a smaller reduction in LAI 

(Waterloo, 1994). This reduction in interception loss is similar to the typhoon-induced change 

in annual I estimated for the Manobo reforest (-1.7% of annual P, Table 4.9), although the 

absolute difference is larger because of the much higher rainfall in the Philippines. Neal et al. 

(1993) also found a 4% decrease in I/P for a mature beech forest in the southern U.K. during 

the first year after it was hit by a major storm. Summarizing, the effect of major canopy 

disturbance by high winds on rainfall interception loss appears to be both temporary (4–12 
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months) and comparatively modest (<4% of annual P), although it remains to be seen what 

the cumulative effects will be of more intensive or more frequent disturbances in future (cf. 

Cinco et al., 2016; Lin et al., 2011; Yao et al., 2015).  

   It is of interest to compare these wind-induced disturbance effects with the impact of 

seasonal changes in LAI on interception loss (i.e. defoliation but no added gap creation) and 

that of selective logging (gap creation only). Tanaka et al. (2015) did not find any difference 

in TF/P ratios for mature teak plantations in Thailand during the leafless and leafed states. 

Rainfall amount was the only variable explaining TF during the growing season, while 

temperature, maximum wind speed, and rainfall intensity were also influential during the 

leafless (dry) season. In a companion study on the effects of climatic and canopy conditions 

on SF production by teak trees, Tanaka et al. (2017) reported increased SF/P-ratios during the 

leafless state for five out of nine sampled trees, no significant change in three others, and a 

reduction in the one remaining sample tree. Interestingly, the trees exhibiting an increase in 

SF/P did not experience shading by neighbouring crowns in the leafed state whereas the other 

trees did. Despite considerable variability between individual trees, the median stemflow 

funneling ratio increased during the leafless season (Tanaka et al., 2017). Chen and Li (2016) 

did not find any difference in wet- and dry-season I from a sub-tropical forest in Taiwan, 

despite major contrasts in seasonal LAI (52% drop in the dry season). Although the TF/P 

ratio increased somewhat during the dry season, this was compensated by an equal reduction 

in SF/P. Pertinently, while evaporation from a wetted canopy was the dominant interception 

component throughout the year, the ratio between the latter and the amount contributed by the 

drying-up phase more than tripled (1.4 versus 4.9) in the dry season. This marked shift 

reflected both a lower dry-season canopy saturation value (S) – causing smaller losses during 

canopy drying – and a much lower average dry-season rainfall intensity (2.8 versus 5.8 mm h-

1) (Chen and Li, 2016; cf. Gash et al., 1995). At Manobo, where median rainfall intensities 

were effectively similar between periods (Table 4.5), the reduction in S following the passage 

of typhoon Haiyan from 0.45 mm to 0.24–0.30 mm (Table 4.7) also caused a reduction in the 

inferred contribution of canopy drying to total I (from 22% to 10%). Predicted evaporation 

from the saturated canopy increased from 68% prior to forest disturbance to 84% after 

typhoon Haiyan (Table 4.9), implying an upward shift in the ratio between the two 

interception components from 3.1 to 8.4. In agreement with the findings of Chen and Li 

(2016) for natural forest in Taiwan, but unlike the results obtained by Tanaka et al. (2017) for 

teak plantations in Thailand, stemflow at Manobo (both in terms of SF/P ratios and funneling 
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ratios) decreased after defoliation by typhoon Haiyan and recuperated somewhat after the 

LAI increased again in period 3 (Figure 4.7b and Supporting Figure 4.3). However, SF 

production is the result of complex interactions between both spatio-temporal variations in 

tree architecture and a range of climatic factors (Tanaka et al., 2017). Thus, simple 

comparisons between leafed and leafless states are unlikely to provide the full answer, just 

like predictive approaches based on tree characteristics alone do not get very far, especially 

not in species-rich tropical forests (Zimmermann et al., 2015). 

   One might expect gap creation during logging to increase the aerodynamic conductance (ga) 

due to the associated increase in canopy surface unevenness, thereby enhancing turbulent 

exchange and thus evaporative losses during and immediately after rainfall. Instead, Asdak et 

al. (1998a) reported a marked decrease in ga and I/P upon opening a rain forest canopy in 

Kalimantan. Similar decreases in ga were derived by Deguchi et al. (2006) for the leafless 

phase of a warm-temperate deciduous forest in Japan and by Teklehaimanot et al. (1991) for 

a series of temperate coniferous plantations of progressively lower stocking. None of these 

studies provided a physical explanation for the reduction in ga, but it is likely that defoliation 

and opening of the canopy by logging or thinning also leads to ‘deeper’ ventilation (i.e. a 

lowering of the displacement- and roughness lengths, d and z0), and thus to a lower ga (Thom, 

1975). However, as stated by Asdak et al. (1998a) and indicated by our modeling (Table 4.9), 

the observed reductions in I/P after canopy opening or defoliation reflect both changes in 

wet-canopy evaporation rates and reduced canopy saturation values (cf. Table 4.7). 

4.5.3 Effects of canopy heterogeneity on throughfall 

   Relative throughfall amounts (TF/P) in the Manobo forest were inversely related to canopy 

density as represented by measurements of LAI above individual TF collectors under 

undisturbed canopy conditions (r2 = 0.61; Figure 4.5a). Corresponding relations for the two 

post-typhoon periods were less steep and not significant (Figure 4.5a). As such, LAI alone is 

a rather poor predictor of on-site TF/P, as also reported for mature rain forests in Ecuador (r2 

= 0.12; Fleischbein et al., 2005), Puerto Rico (r2 = 0.12– 0.21; Holwerda, 2005), and 

Indonesia (r2 = 0.02; Dietz et al., 2006) as well as for tree plantations in Panamá (Park and 

Cameron, 2008). In addition, results become poorer as rainfall event size or intensity 

increased (Figures 4.5b,c), possibly because of the larger variability in event sizes involved 

with increasing rainfall compared to the relatively small variation in TF/P; cf. Holwerda, 

2005). Somewhat better results were obtained when using a measure of canopy openness 
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instead of LAI (Fleischbein et al., 2005) or using canopy ‘depth’ and openness as added 

variables (Park and Cameron, 2008; cf. Dietz et al., 2006). However, the strong dependency 

of such relations on rainfall amount or intensity (Figures 4.5b,c) already indicates that forest 

structural parameters alone have limited predictive capacity in this regard. In addition, many 

of these structural parameters are correlated with one another, rendering the use of multiple 

regression approaches problematic (Zimmermann et al., 2013). In a particularly stringent 

study involving multiple stands of different ages and characteristics under similar climatic 

conditions, Zimmermann et al. (2013) concluded that the best TF/P-predictor was the basal 

area fraction contributed by small trees (r2 = 0.72). 

4.5.4 Interception loss from regenerating tropical forests: the Manobo reforest in 

perspective 

   Despite the modest age and stature of the Manobo reforest (23 years and 7.3 m tall at the 

start of the interception measurements), both the observed cumulative pre-Haiyan 

interception loss for selected storms (18%, Table 4.8) and the modeled annual I for 

undisturbed canopy conditions (17%, Table 4.9) are in the upper part of the range of values 

derived for old-growth lowland evergreen rain forests in South-east Asia (8–22%), as well as 

those for most regenerating forests (3–21%; Table 4.10). Although results obtained for 

different forests reflect differences in canopy density and local rainfall intensities, for a given 

forest type there appears to be a distinct trend towards lower I/P-values for studies employing 

a larger number of TF-collectors (e.g. old-growth lowland forests in Table 4.10). Such 

findings are usually interpreted in terms of the ability of the sampling design to adequately 

include ‘drip points’, i.e. points of locally enhanced TF/P-ratios (Lloyd and Marques-Filho, 

1988; Manfroi et al., 2006). Yet it would be premature to attribute the relatively high I/P-

value derived for the Manobo reforest to inadequate sampling. On top of the 24 roving TF 

gauges, two large gutters were used, which effectively doubled the sampling area to the 

equivalent of 48 gauges. Also, with coefficients of variation (CV, %) for our mean (manually 

obtained) TF estimates ranging from 11.5% (period 1) to 21% (period 3), throughfall 

variability at Manobo (Table 4.6; cf. Supporting Figure 4.2) was (much) less than that 

observed for more biodiverse mature rain forests in Central Kalimantan (36% for 18 roving 

gauges; Vernimmen et al., 2007), Panamá (49% for 30 fixed gauges, Macinnis-Ng et al., 

2012) and Puerto Rico (23% for 30 roving gauges; Holwerda et al., 2006). Rather, our 

cumulative CVs were comparable to the 15–24% reported for lowland rain forest after some 
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selective logging in North-east Borneo and using a very large number of fixed TF samplers (n 

= 80; Chappell et al., 2001).  

   While the interception results for regenerating tropical forests collated in Table 4.10 vary 

widely as a result of differences in canopy characteristics, sampling design, and rainfall 

regime (e.g. length of dry season; rainfall intensity and duration), certain broad patterns do 

arise. First,  I/P for very young (1–5 yr) regrowth is generally enhanced the most relative to 

I/P in old-growth lowland rain forest, while differences between primary and secondary 

forest during the next five years of succession or later are already hard to discern. The 

comparative (short-term) work by Zimmermann et al. (2013) in 16 forest stands in Panamá 

that ranged between 3 and 30 years of age provides further confirmation that TF/P-ratios for 

forests older than 10 years may not be statistically distinguishable from those for nearby old-

growth forest. However, the range reported for their seven 5–7-year-old forests was 

considerable (87.3–101.6% of P). Secondly, stemflow is often much higher in young forests 

(up to 10 years of age), with an exceptionally high value recorded for 10-year-old regrowth 

dominated by the banana-like Phenakospermum (Hölscher et al., 1998). Overall, there is a 

dearth of systematic studies in 5–15-year-old forests that include SF- as well as TF 

measurements over an entire seasonal cycle. Changes in forest structure (notably LAI, tree 

density, and height) are especially pronounced during the first decade of regrowth 

(Zimmermann et al., 2013; Scatena et al., 1996) and this is reflected in rapid changes in 

relative amounts of TF and, especially, SF during this phase (Table 4.10). Furthermore, most 

studies to date may well have under-estimated SF by not including the stemflow 

contributions by (very) small trees and saplings whose funneling ratios are typically high 

(Manfroi et al., 2004; Honda et al., 2014; González-Martínez et al., 2017). This would seem 

all the more important for young forests where smaller trees are likely more abundant 

(Zimmermann et al., 2013; Chazdon, 2014; cf. Supporting Figure 4.1). 
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Table 4.10 Studies of interception loss (I) in regenerating tropical forests with at least six 
months of data collection and listed in order of vegetation age. Results for selected old-
growth forests added for comparison. MAP = mean annual rainfall; TF = throughfall; SF = 
stemflow; H = canopy height (m); LAI = leaf area index; BA = basal area (m2 ha-1). Values 
rounded off to the nearest per cent of incident rainfall except for stemflow.  

1Raich (1983); 2Hölscher et al. (1998); 3Sommer et al. (2003); 4Schroth et al. (1999); 5Macinnis et al. 
(2012); 6This study, pre-disturbance situation; 7Klinge (1998); 8Ubarana (1996); 9Lloyd et al. (1988); 
10Franken et al. (1982); 11Cuartas et al. (2007); 12Burghouts et al. (1998); 13Newbery et al. (1992); 
14Ewers et al. (2014); 15Sinun et al. (1992); 16Manfroi et al. (2006); 17Asdak et al. (1998b); 
18Vernimmen et al. (2007); 19McJannet et al. (2007). #Stand dominated by Phenakospermum 
guyannense; *Coastal site; 0Pre-disturbance situation (cf. Table 9); @Some timber extraction 40 years 
ago; +Data for year with normal rainfall; $10 m x 10 m sub-plot with exceptionally large tree; $$ 4 ha 
plot.  
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4.5.5 Wet-canopy evaporation rates versus rainfall intensity 

   For the two periods having more or less fully developed foliage (i.e. periods 1 and 3), TF-

based wet-canopy evaporation rates at Manobo (ETF; 0.66–0.70 mm h-1; Table 4.7) were 

much higher than EPM-values reported for lowland rain forests elsewhere in the region having 

similar rainfall amounts and intensities (0.06–0.24 mm h-1; Wallace and McJannet, 2006; 

Vernimmen et al., 2007). Our pre-disturbance ETF falls in the range of values derived for 

other South-east Asian lowland rain forests and tree plantations (0.5–0.8 mm h-1; Asdak et al., 

1998a; Dykes, 1997; Vernimmen et al., 2007; Waterloo, 1994). Similar discrepancies between 

EPM and ETF have been reported for many forests and may be attributable to various factors 

(recently reviewed by Van Dijk et al., 2015), particularly the underestimation of aerodynamic 

conductance to moisture exchange between the vegetation and the overlying air, ga (Holwerda 

et al., 2012), unaccounted horizontal advection of warmer and drier air from nearby areas 

without rain (Stewart, 1977; Asdak et al., 1998a; Cisnero-Vaca et al., 2018), release of 

thermal energy stored in the ecosystem itself (especially at the beginning of a storm; Michiles 

and Gielow, 2008; Cisnero-Vaca et al., 2018), and, possibly, larger-scale advection of 

sensible heat from the ocean in specific settings (Shuttleworth and Calder, 1979; Blyth et al., 

1994). Given the modest stature of the Manobo reforest, release of stored thermal energy is 

less likely to be important, but being situated within 2 km from the Pacific Ocean, lateral 

transfer of sensible heat from the warm ocean waters off the coast of Leyte cannot be ruled 

out, especially at night when air temperatures drop below those of seawater (typically 27–

29 °C). According to Roberts et al. (2005), a horizontal temperature gradient of 3–4 K per 100 

m would be sufficient to sustain a wet-canopy evaporation rate of 0.5 mm h-1 (roughly the 

difference between ETF and EPM at Manobo). Night-time minimum air temperatures measured 

at the Basper grassland site (3.5 km from Manobo) were around 26.2 °C throughout the year 

and therefore generally not low enough to reach a 3–4 K difference in temperature between 

land and sea. Further, drops in air temperature during rainfall were generally small (1.5 °C on 

average, but occasionally up to 6 °C). This suggests substantial downward (from the air) 

rather than lateral (from the ocean) transfer of sensible heat to maintain the observed high 

values of ETF (cf. Stewart, 1977; Blyth et al., 1994; Cisnero-Vaca et al., 2018). Indeed, 

Holwerda et al. (2012) drew attention to the fact that, on average, values of ETF derived for 

eight ‘oceanic’ tropical sites were not enhanced relative to five more ‘continental’ sites, as 

had been suggested previously (Shuttleworth and Calder, 1979; Schellekens et al., 1999). 

Rather, values of ETF tended to be enhanced within each group at sites located in dissected or 
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mountainous terrain as opposed  to sites situated in less complex terrain (suggesting 

aerodynamic roughness at the landscape scale to be a key factor), although Holwerda et al. 

(2012) admitted that a larger comparative data-set would be needed to draw firmer 

conclusions. No measurements of ga are available for the study forest but the Manobo ridge is 

the first topographic rise encountered by moist winds coming from the ocean, suggesting 

potentially enhanced turbulence and vapour exchange between the forest canopy and the air 

(Holwerda et al., 2012). 

   Hourly wet-canopy evaporation rates (ETF) during large and extended storms at Manobo 

showed a strong and positive relation to hourly rainfall intensity R (Figure 4.9). Murakami 

(2006) found the same phenomenon in a coastal warm-temperate forest in Japan and 

suggested that this could be caused by enhanced evaporation of fine splash droplets created 

when high-energy raindrops hit the canopy during intense rainfall. As pointed out by 

Dunkerley (2009), Dunin et al. (1988) had earlier suggested an effectively similar 

mechanism, adding that ‘turnover of water vapour [generated in this way] may be 

accelerated with increasing rainfall intensity due to an associated increase in the frequency 

and turbulent intensity of downdrafts’. Splash impact droplets are produced in large numbers 

above a threshold R of about 3.4 mm h-1 (Dunkerley, 2009), with a doubling of impact 

velocity causing a ten-fold increase in the number of splash droplets (Stow and Stainer, 

1977). Rainfall intensities at Manobo exceed 5 mm h-1 (i.e. well above the cited 3.4 mm h-1 

threshold) for about half the time that it rains (Table 4.5; cf. Chapter 2), suggesting a distinct 

possibility of splash impact droplet generation as well as intensified downdrafts, and thus 

canopy ventilation. Interestingly, the relationship between hourly E and R at high intensities 

was steeper for the storm sampled on 10 January 2014 when LAI was low after defoliation by 

typhoon Haiyan (Figure 4.9 and Figure 4.1a). Since opening of the canopy reduces both ga 

and the canopy saturation value S (see Section 4.5.1), the observed steepening of the 

relationship following defoliation (also reported by Waterloo (1994) but attributed by him to 

drier post-cyclone conditions; cf. Tanaka et al., 2015) might reflect enhanced production of 

splash droplets by rain hitting the now exposed branches, as well as enhanced ventilation 

(Deguchi et al., 2006). Further work could focus on droplet spectra generated on foliated 

versus defoliated canopies subject to comparable rainfall intensities, and on the effect of high 

rainfall intensity on added ventilation and mixing of air within the canopy (Dunkerley, 2009; 

Van Dijk et al., 2015; cf. Dunin et al., 1988). Nevertheless, regardless of the actual 

mechanism involved, high rates of E will require sufficient amounts of additional sensible 
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heat. As such, there is a distinct need for more information on the changes in temperature and 

humidity with height above forest canopies (Shuttleworth and Calder, 1979; Blyth et al., 

1994; Cisnero-Vaca et al., 2018). 

4.6 CONCLUSIONS 

   Throughfall (TF), stemflow (SF) and rainfall (P) were measured for a year in a coastal 

‘reforest’ (23 years old) at Manobo, Leyte Island, Philippines. The forest was hit by super-

typhoon Haiyan in November 2013, which caused extensive defoliation and canopy damage. 

Nevertheless, leaf area index (LAI) at relatively sheltered mid- and foot-slope locations 

recovered more or less to pre-disturbance values after ca. 4 months. Rainfall partitioning was 

analyzed separately, therefore, for three periods with contrasting canopy conditions, viz. (i) 

pre-disturbance, (ii) maximum defoliation, and (iii) largely recovered foliage. 

   Stemflow made up a small percentage of incident P, with weighted mean SF/P ratios of 

2.7%, 1.3%, and 2.0% for the respective periods and an overall mean of 2%. Small trees (5–

10 cm diameter) contributed 54% (pre-Haiyan) to 63% (post-Haiyan) of all stemflow. 

Weighted mean throughfall as measured by 24 roving collectors and two large fixed 

recording gutters for the above data-set varied from 78% of incident precipitation before 

canopy disturbance to 85% during the period with the most extensive defoliation and 80% 

after initial foliage recovery. The manually collected TF data exhibited modest cumulative 

coefficients of variation compared to values reported for several more species-rich old-

growth rain forests. Pre-typhoon disturbance values of rainfall interception loss I for the 

semi-mature Manobo reforest fall in the upper part of the range reported for old-growth 

lowland rain forests in South-east Asia, possibly as a result of its coastal location allowing 

advected heat from the nearby ocean and the overlying air. 

   The effect of canopy disturbance on annual I at the relatively sheltered mid-slope 

measurement site was assessed through modeling and appeared to be modest (<2% of P on an 

annual basis), although it remains to be seen what the effects would be of repeated and more 

frequent disturbances of similar magnitude events in future as a result of climatic 

intensification (cf. Balaguru et al., 2016). 

   Relative amounts of TF at Manobo were inversely related to LAI during conditions of full 

foliage but the relation broke down upon canopy disturbance. Moreover, the relationships 

were strongest for small storms (< 5 mm) and low rainfall intensities (< 5 mm h-1). 
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   Hourly wet-canopy evaporation rates during large and extensive rainfall events were 

strongly correlated with hourly rainfall intensities and far exceeded values sustained by 

available radiation. Although horizontal advection of sensible heat from the nearby ocean 

cannot be excluded, such high evaporation rates are most likely caused by downward 

advection of sensible heat from the overlying atmosphere. In addition, high rainfall intensities 

at Manobo may generate a large number of splash droplets that are more amenable to rapid 

evaporation.  
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Supporting Table 4.3 Summary of damage inflicted to the twelve stemflow sampling trees 
during typhoon Haiyan. Leaf- or twig loss levels: 1 = 0–25%; 2 = 25–50%; 3 = 50–75%; 4 
= 75–100%; 5 = crown cut. 

Tree no. 
Leaf 
loss  

Twig 
loss  

Stem broken 
(N/Y) 

Stem section 
broken (N/Y) 

Height of 
breaking point 

(m)
Remarks 

16 (L1) 3 3 N N 
71 (L2) 3 2 N N
77 (L3) 5 5 N Y 5.70 Upper portion cut 
72 (L4) 5 5 N Y 5.50 Upper portion cut 
4 (M1) 3 3 N N 
27 (M2) 3 3 N N 
66 (M3) 3 2 N N 
31 (M4) 2 2 N N 
52 (S1) 2 2 N N 
10 (S2) 3 2 N N 
28 (S3) 4 3 N Y 2.10 Top pruned 
38 (S4) 2 1 N N 

 

Supporting Figure 4.1 Manobo forest summit view (a) before and (b) after disturbance by 
typhoon Haiyan; (c) throughfall roving gauges and recording trough set-up; (d) field 
measurement of leaf area index in the central forest plot. 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 152PDF page: 152PDF page: 152PDF page: 152

Chapter 4. Typhoon-induced changes in interception loss  

142 

 

Supporting Figure 4.2 Coefficients of variation (CV, %) of cumulative mean throughfall (n = 
24 roving gauges) as a function of the number of gauge relocations and for three periods with 
contrasting canopy conditions. Dark blue line: pre-disturbance (n = 46 collections); golden 
line: maximum canopy disturbance (n = 14 collections); light blue line: recovering canopy (n 
= 8 collections). 
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V. 

WATER BUDGET AND RUNOFF RESPONSE OF 
A TROPICAL MULTI-SPECIES ‘REFOREST’ AND 

EFFECTS OF TYPHOON DISTURBANCE 
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Chapter 5 

Water budget and runoff response of a tropical multi-species ‘reforest’ 

and effects of typhoon disturbance4  

 

ABSTRACT: In response to claims that reforesting degraded Imperata grassland in Leyte 

(Philippines) caused streamflow to become perennial, the runoff response and water budget 

of a 23-year-old multi-species reforestation were studied for a year (June 2013–May 2014). 

Typhoon Haiyan, one of the strongest events on record, caused major damage to the reforest 

in November 2013. Average apparent pre-typhoon water use (ET) of the reforest was 5.0 mm 

d-1 versus 3.2 mm d-1 during the first seven months after disturbance. Median storm runoff 

coefficients (Qq/P) were 0.3% and 5.1% before and after the typhoon, respectively, but 

corresponding ratios of period-total Qq and P were much larger at 16% and 44%, 

respectively. Stormflow volume and peak discharge increased rapidly once a threshold value 

for mid-slope soil water storage in the top 60 cm of ~250 mm was exceeded. Prior to forest 

disturbance, ‘direct’ runoff contributions consisted exclusively of subsurface flow due to high 

soil hydraulic conductivities down to 60 cm. After disturbance, shallow groundwater levels 

rose regularly to within 10 cm of the surface on foot-slopes, while saturation overland flow 

was observed during several large storms. Estimated sediment yield was 3.7 t ha-1 yr-1. 

Comparing average ET and stormflow production under undisturbed conditions for the 

studied reforest and a nearby Imperata grassland micro-catchment revealed that the extra 

infiltration afforded by reforestation (~240 mm yr-1) exceeded the extra ET of the reforest 

(~100 mm yr-1), implying a net positive trade-off of 140 mm yr-1 and confirming local claims 

of an improved flow regime. 

  

                                                           
4 This chapter is an extended version of Zhang J, van Meerveld HJ, Tripoli R, Bruijnzeel LA. 2018. Water 
budget and runoff response of a tropical multi-species ‘reforest’ and effects of typhoon disturbance. In review 
with Ecohydrology. 
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5.1 INTRODUCTION  

   Whether in the context of mitigating climatic warming through carbon sequestration 

(Trabucco et al., 2008; Ellison et al., 2017) or in response to disturbed streamflow regimes 

and problems of accelerated erosion and sedimentation following deforestation (Bruijnzeel, 

2004; Grip et al., 2005; Sidle et al., 2006; Cao et al., 2011), large reforestation programmes 

have been initiated in recent years in many tropical countries (Meyfroidt and Lambin, 2011; 

FAO, 2016). Although most, if not all controlled catchment experiments have shown the 

hydrological impacts of large-scale reforestation to be negative in that streamflow is reduced 

(particularly baseflow; Jackson et al., 2005; Farley et al., 2005; Ford et al., 2011), this does 

not necessarily imply that dry-season flows cannot be improved at all by tree planting or 

forest regeneration. Scott et al. (2005) and Malmer et al. (2010) have pointed out that none of 

the reforestation-impact studies reviewed by Jackson et al. (2005) and Farley et al. (2005) 

represented degraded soil conditions. As such, the reported reductions in water yield merely 

reflect the higher water use of the planted trees compared to the shorter vegetation types they 

replaced (cf. Zhang et al., 2001; Waterloo et al., 1999; Scott and Prinsloo, 2008), whilst no 

ameliorating effect on soil hydrological functioning (notably improved infiltration and 

retention; Ziegler et al., 2004; Ilstedt et al., 2007; Zwartendijk et al., 2017) would become 

manifest under such circumstances. Scott et al. (2005) further suggested that sites with high 

seasonal rainfall and advanced soil degradation may offer the best chances for improvement 

of the streamflow regime through reforestation, in that the (ultimate) gains in infiltrated water 

may then be large enough to compensate the larger evapotranspiration losses. This is usually 

referred to as the ‘infiltration-trade-off’ hypothesis (Bruijnzeel, 1989). Of late, several 

examples of gradually improved flow regimes (reduced peaks, increased or longer dry-season 

flows) after reforesting severely degraded land have begun to appear in the literature (Zhou et 

al., 2010; Krishnaswamy et al., 2012, 2013; Choi and Kim, 2015), suggesting the validity of 

the trade-off mechanism (cf. Cheng et al., 2017). 

   The rehabilitation of tropical fire-climax grasslands represents a case in point. Found across 

the humid tropics in regions that experienced increasingly intensive slash-and-burn 

agriculture over the years (Brady, 1996) and often dominated by spear grass (Imperata 

cylindrica) and wild sugar cane (Saccharum spontaneum; Garrity et al., 1997; Hooper et al., 

2005; Styger et al., 2007), regularly burned and grazed Imperata grasslands are typically 

associated with high storm runoff  production and surface erosion (Chandler and Walter, 

1998; Concepcion and Samar, 1995; White, 1996). As such, these grasslands are widely 
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targeted for large-scale reforestation (e.g. Otsamo, 2000; Wishnie et al., 2007; Ancog et al., 

2016) and – in areas with high land pressure – conversion to agroforestry systems (Van 

Noordwijk et al., 1997; Murniati, 2002; Snelder and Lasco, 2008). Where the recurring fires 

maintaining these grasslands are halted, the grass can be shaded out by planting fast-growing 

trees in combination with intensive initial site management (Otsamo, 2000; Murniati, 2002). 

The shading afforded by the new trees also promotes the germination of native species 

present in the soil’s seed bank, which ultimately results in mixed stands with the planted 

(usually exotic) trees dominating the main canopy and naturally regenerating indigenous 

species being dominant in the understorey (Kuusipalo et al., 1995; Otsamo, 2000). When 

mature, such forests neither classify as traditional tree plantations nor as fully naturally 

developed secondary forest. Hence, within the context of tropical landscape restoration, the 

term ‘reforest’ has been coined for these multi-species tree-based ecosystems (Chazdon et al., 

2016). However, their ecological and hydrological functioning are only beginning to be 

explored (Dierick et al., 2010; Chazdon, 2014; Lamb, 2014; cf. Chapter 2). 

   In the Philippines, some 35% of the land designated to be under forest is tree-less and in 

need of ecological rehabilitation (Pulhin et al., 2006). In 2011, the country launched an 

ambitious greening programme targeting the planting of 1.5 billion trees in the first six years 

on 1.5 million ha of degraded land, much of it under Imperata (Aquino and Daquio, 2014; cf. 

Ancog et al., 2016; FAO, 2016). As such, knowledge of the impact of such massive planting 

on streamflow assumes added importance (cf. Hamel et al., 2017). Observations of the 

hydrological response of hillside plots covered by overgrazed and regularly burned grassland 

versus semi-mature natural regrowth in southern Leyte by Chandler and Walter (1998) 

suggested that amounts of water percolating to the subsoil underneath the regrowth far 

exceeded the extra water use of the vegetation relative to the grassland, implying a net 

positive effect on groundwater recharge. However, as the study took place in karstic terrain, 

the inferred positive effect of reforestation on dry-season flows could not be confirmed by 

streamflow measurements (Chandler, 2006). Elsewhere on Leyte, members of the Manobo 

tribe have claimed their stream became perennial about seven to eight years after they began 

to reforest a degraded Imperata grassland near the island’s capital Tacloban (U. Pacheco, 

personal communication). To shed further light on this claim, we instrumented the 8.75 ha 

headwater catchment that was reforested by the tribe and made continuous observations of 

rainfall, streamflow, soil water content and shallow groundwater levels for a year. 

Specifically, we aimed to quantify the runoff response to rainfall and the water budget of the 
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23-year-old reforest. Comparative observations were made in an Imperata grassland 

catchment at the nearby hamlet of Basper (cf. Chapter 3) to serve as a baseline and allowing a 

preliminary test of the infiltration-trade-off hypothesis. 

   The Philippines are located in one of the world’s premier cyclone-generating areas (García-

Herrera et al., 2007) and nearly a third of the annual precipitation typically occurs during the 

passage of tropical cyclones and depressions (Cinco et al., 2016). During the study year, the 

catchments were hit by typhoon Haiyan, one of the strongest and largest events on record, 

delivering more than 230 mm of rain, with wind speeds up to 314 km h-1 (Rabonza et al., 

2015). This provided a unique opportunity to study the effect of this particularly extreme 

event and the associated disturbance of the vegetation on catchment-scale runoff production 

for the two contrasting land covers. Due to continued oceanic warming, tropical cyclones are 

expected to become more forceful in future (Balaguru et al., 2016), while heavy rainfalls in 

East- and South-east Asia appear to be on the increase as well (Chiang and Chang, 2011; 

Walsh et al., 2013), lending added importance to the study of the hydrological impacts of 

ecosystem disturbance by extreme events (Scatena et al., 2005; Lin et al., 2011; Jayakaran et 

al., 2014). Very low (near-)surface soil hydraulic conductivities were observed in the Basper 

grassland, but much higher values in the Manobo reforest (Chapter 2), whereas the landslide-

infested grassland proved extremely responsive to rainfall and generated large amounts of 

sediment (Chapter 3). Production of both storm runoff and sediment typically increases after 

tropical forest clearance (Bruijnzeel, 2004; Grip et al., 2005; Valentin et al., 2008) or 

disturbance upon typhoon passage (Cheng et al., 2002; Scatena et al., 2005; Tsou et al., 

2011), while the reverse applies after reforestation and other forms of land rehabilitation 

(White, 1996; Zhou et al., 2002; Scott et al., 2005; Sidle et al., 2006; Krishnaswamy et al., 

2012). Therefore, we hypothesized that: (i) storm runoff and sediment yield from the reforest 

are low but will increase markedly after typhoon-caused disturbance of the vegetation; (ii) the 

water use of the semi-mature reforest is larger than that of Imperata grassland; but (iii) the 

net trade-off between changes in (a) storm runoff (infiltration) and (b) vegetation water use 

incurred by the reforestation at Manobo is ultimately positive, i.e. low flows are higher than 

from the degraded grassland. 
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5.2 STUDY AREA 

   The Manobo catchment is located at 11°17´N, 124°56´E, about 8.5 km northwest of 

Tacloban and 1.8 km from the Pacific Ocean in the East. The 8.75 ha catchment drains 

dissected mountainous terrain underlain by mafic geology (gabbro; Dimantala et al., 2006). 

Hillslopes are generally convex–concave in shape, with the upper slope segments being 

steeper (30–35o) than the lower portions (<25o). The overall mean slope is ~30°. The 

elevation ranges from 33 to 200 m a.s.l. Soils are classified as Eutric Cambisols of a sandy 

clay loam texture in the upper 90 cm of the profile. Sand content and bulk density increase 

with depth, whereas silt and (to a lesser extent) clay contents decrease with depth, as do soil 

organic carbon content and saturated hydraulic conductivity (Table 5.1). For a detailed 

discussion of the soil physical characteristics of the Manobo reforest and the nearby Imperata 

grassland at Basper the reader is referred to Chapter 2. 

   The climate of the study area is tropical ever-wet (Köppen-type Af) with small seasonal 

variations in average monthly temperatures (25.7 °C in January to 28.1 °C in May) and 

humidity (81–86%) as measured at Tacloban Airport (3 m a.s.l. and 11 km from Manobo). 

Average monthly wind speeds at Tacloban airport vary between 1.5 and 2.4 m s-1 but can be 

very high during typhoon events (Rabonza et al., 2015). Average daily reference evaporation 

ET0 (Allen et al., 1998) calculated using basic climatic data for Tacloban Airport ranges 

between 3.0 mm d-1 (December) and 4.8 mm d-1 (April), with an annual total of 1385 mm. 

Mean annual precipitation at Tacloban Airport between 1977 and 2011 (PAGASA Office, 

Tacloban) is 2660 mm (range: 1435–4790), distributed over on average 195 rain days (i.e. 

 each). Five out of 12 months receive >200 mm of rainfall each on 

average (classifying them as ‘very wet’, especially the period from November until January), 

while the remaining seven months have >100 mm each (‘wet’) on average, including April, 

the ‘driest’ month on average. Typhoons and tropical storms are a regular phenomenon and 

contribute ~30% of annual rainfall (cf. Cinco et al., 2016). About 50% of all rainfall events 

(defined as having at least 0.5 mm of rainfall and being separated by a period without rain of 

at least 4 h) at Manobo during the study year (June 2013–May 2014) were <5 mm, while 

large storms (> 50 mm) made up 10% of all storms at the height of the rainy season 

(November–February) and 3–4% at other times. However, events >50 mm contributed as 

much as 46% of the total rainfall during the study period. The median 5-min rainfall intensity 

was 3.2 mm h-1; event intensities in excess of 20 mm h-1 were relatively rare (only 2% 

(March–May) to 5% (November–February) of all events; Chapter 2).    
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  Upon their arrival in Leyte in the mid-1980s, the displaced Manobo tribe were assigned a 

barren and eroding Imperata grassland area as their new home. The grassland had burned 

regularly up to then but was not grazed. Streamflow typically ceased during the latter half of 

the dry season which prompted the tribe to plant large numbers of beech wood (Gmelina 

arborea Roxb. ex Sm.), mahogany (Swietenia macrophylla King) and coconut palms (<5%) 

from 1990 onwards in the firm belief that this would make streamflow perennial again (U. 

Padecio, personal communication). At a later stage, medicinal plants and rattans (Calamus 

spp.) were added. At the start of our study (June 2013), the 23-year-old reforest consisted of a 

mixture of the above-mentioned planted trees, as well as numerous naturally regenerating 

species, notably Leucosyke capitellata (Poir) Wedd., Leea aculeata Blume ex Spreng., 

Macaranga bicolor Muell. Arg., and Cananga odorata Lamk. Hook f. & Thoms. In total, 52 

different tree species were recorded in an 1850 m2 plot in May 2013. Selective logging and 

harvesting of mahogany and Gmelina was conducted on several occasions in the past, 

amongst others during salvage operations after typhoon-inflicted forest damage in 2008. The 

average canopy height (± S.D.) in the plot was 7.3 ± 2.4 m in May 2013 and the basal area 

15.3 m2 ha-1 (based on all 326  within the plot). A 

first estimate of above-ground biomass (AGB) for the plot amounted to 153 t ha-1 (J. 

Herbohn, personal communication). Ground cover by herbs and leaf litter was 63% on 

average. Mid-slope leaf area index (LAI) was 5.1 ± 0.65 (mean ± SD) before disturbance by 

typhoon Haiyan on 8 November 2013. Damage to the canopy was extensive, with the 

percentage of trees sustaining more than 50% leaf loss varying between 58% in more 

sheltered lower slope positions and 82% in more exposed mid- and upper-slope locations 

(Chapter 4; Figure 5.1). Mid-slope LAI was 2.9 ± 0.9 four weeks after the Haiyan event and 

5.4 ± 1.3 after four months  (Chapter 2). 
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Figure 5.1 General view of the Manobo catchment: (a) before and (b) after passage of 
typhoon Haiyan on 8 November 2013. Photographs taken by J. Zhang on 17 June and 27 
November 2013, respectively. 

Figure 5.2 Map of the Manobo catchment showing the drainage network, locations of 
hydrological instrumentation and the soil pits for determination of soil characteristics (see 
Table 5.1).
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5.3 METHODS 

5.3.1 Hydrological monitoring 

   Field measurements were made from June 2013 through May 2014. Gross rainfall 

(P) was measured in an agricultural patch just East of the reforest at an elevation of 40 

m a.s.l., and on the upper ridge just above the catchment at 220 m a.s.l. using tipping-

bucket rain gauges (RG3, Onset Computer Corporation, USA) connected to HOBO 

Pendant event data-loggers (see Figure 5.2 for locations). The resolution of the 

recorders was 0.25 mm per tip (confirmed by manual calibration). A standard manual 

rain gauge (100 cm2 orifice) was placed next to the lower recording gauge as a check. 

Occasional gaps in the record of either gauge were filled using the data for the other 

gauge as the respective rainfall amounts were strongly correlated (Pup = 0.91 Plow; R2 

= 0.975). Event rainfall totals for the two gauge types did not differ significantly (p > 

0.05) and were strongly correlated as well (Plow = 1.01 Pstandard; R2 = 0.98). Both 

rainfall recorders at Manobo were damaged during passage of typhoon Haiyan, 

causing a gap in the precipitation record of 12 days (8–19 November 2013). For this 

particular period, data from the uninterrupted record of the relatively sheltered lower 

rain gauge at the nearby Basper grassland (Chapter 3) were used in regression 

equations linking the Basper gauge to the respective gauges at Manobo (R2 = 0.85–

0.88) to estimate P at Manobo. No corrections were made for wind-related under-

estimation of P because wind speeds (as measured at the Basper weather station) were 

generally low and the application of correction methods (e.g. Førland et al., 1996) for 

the extreme wind speeds encountered during the Haiyan event (Rabonza et al., 2015) 

would have led to unverifiable and uncertain corrections. Instead, a recording 

cylindrical fog gauge placed at the Basper station with a 100% catch efficiency for 

wind-driven rain (Frumau et al., 2011) was used to estimate extra inputs of near-

horizontal wind-driven rainfall during the Haiyan event. Because a natural forest 

canopy has a lower catch efficiency than the type of fog gauge employed (Bruijnzeel 

et al., 2005), measured amounts must be considered maximum values.  

Streamflow (Q) was measured using a sharp-crested compound weir consisting of a 

0.45 m high 90° V-notch and a horizontal beam extending 0.85 m to each side from 

the edge of the V-notch (Supporting Figure 5.1). Water pressure was measured at 5-

min intervals using a HOBO U20 logger (Onset Computer Corporation, USA). 
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Atmospheric pressure was measured using a HOBO U20 logger as well to calculate 

the water level from the water pressure measurements. The standard V-notch weir 

equation (Bos, 1989) was validated through streamflow measurements (volumetric 

measurements below 8.0 l s-1 (staff heights < 0.35 m) and the velocity-area method at 

stages up to 0.69 m using a Price Type-AA current-meter). Water levels exceeded the 

shoulder of the V-notch during eight storm events for a total of 22.6 h (0.26% of the 

total time) and for these conditions the Bergmann compound weir equation as given 

by USBR (1997) was used to calculate streamflow. Water level data were incomplete 

for 32 days (8.8% of the total time) due to equipment malfunctioning. The HBV 

model as implemented in the HBV-light version of Seibert and Vis (2012), was 

calibrated separately for the pre- and post-Haiyan periods and simulated streamflow 

was used for gap-filling (see streamflow gap-filling section below for details). 

Volumetric soil moisture content ( ) was measured at 5-min intervals using six MP-

306 sensors (ICT International, Australia) installed in mid-slope position (site S3 in 

Figure 5.2) at depths of 0.1, 0.2, 0.4, 0.6, 0.8 and 1.1 m, respectively. The sensors 

were connected to an ICT International Microvolt data-logger. 

Shallow groundwater levels were measured in two piezometers installed at the soil-

bedrock interface (Figure 5.2). At piezometer G3 (lower right bank, 1.20 m deep) 

groundwater levels were measured at 5-min intervals using a HOBO U20 water-

pressure logger, whereas at piezometer G4 (mid-slope position, 2.2 m deep) water 

levels were determined manually after several major rainfall events; at all other times 

no groundwater was observed. 

Basic climatic variables for the computation of reference evapotranspiration ET0 

(Allen et al., 1998) were measured from 8 July 2013 onwards by an automatic 

weather station (DWS, Decagon, U.S.A.) located at 105 m a.s.l. in the open at Basper. 

Short-wave radiation was measured by a pyranometer, temperature and relative 

humidity by sensors placed within a radiation shield at 2 m above the ground, and 

wind speed by a cup anemometer, also at 2 m. All data were recorded at 5-min 

intervals by a Decagon EM50G data-logger. The anemometer was destroyed during 

typhoon Haiyan. Henceforth, wind speeds were approximated using corresponding 

long-term monthly averages for Tacloban Airport (Pagasa Weather Office, Tacloban).  
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   Suspended sediment concentrations (SSC) of the stream water were below the 

detection limit for most of the time and increased during large storm events only. SSC 

was determined for 41 samples collected during the rising stage of five large events 

using up to eleven 400 ml water bottles equipped with a siphon-shaped air exhaust 

(Schick, 1967) with the apertures placed at successively greater heights (5–44 cm 

above the lowermost point of the V-notch; see inset Supporting Figure 5.1). All 

samples were filtered at Visayas State University (first through Whatman Grade 589/2 

standard filter paper (4–12 μm) and subsequently through Millipore 0.45 m filters). 

The residues were oven-dried for 24 h at 105 °C and weighed to the nearest 0.001 g to 

give SSC in mg l-1. SSC-values were linked to the streamflow at the time that the 

bottle was filled to derive separate sediment rating curves for pre- and post-Haiyan 

conditions, thereby allowing a first estimate of suspended sediment transport from the 

continuous streamflow record (Walling, 1977; White, 1990). Although the use of 

rising-stage samples normally over-estimates the suspended sediment load because of 

the generally higher SSC during rising-stage conditions (Walling, 1977), it is believed 

that the degree of over-estimation may be limited because similarly obtained values of 

SSC in the nearby Imperata grassland catchment were intermediate between those of 

manually collected rising- and falling-stage samples (Chapter 3).  

   Bedload accumulation behind the weir was minimal and sediment was removed 

only once (using a bucket of known volume) on 7 January 2014, i.e. two months after 

disturbance of the reforest by typhoon Haiyan. Multiplying the latter volume times the 

mean bulk density of bed material reported by Rijsdijk and Bruijnzeel (1990) (1.2 g 

cm-3) gave a rough estimate of the oven-dry weight of bedload. 

5.3.2 Streamflow gap-filling  

   Streamflow data were incomplete or missing for 22 days during the pre-Haiyan 

period and for another 10 days after Haiyan. Total rainfall received during these 32 

days was 250 mm (7.4 % of the annual total). The HBV-light model was calibrated 

using 5-min rainfall and streamflow data by maximizing the value of the objective 

function that gives equal weight to the Nash-Sutcliffe Efficiency (NSE) and the NSE 

for the log-transformed streamflow to avoid bias towards the more uncertain high 

streamflow values. We used 100 independent model calibration trials (each consisting 

of 3500 model runs) to derive the 100 optimum parameter sets using the genetic 
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calibration algorithm. The model was calibrated separately for the pre- and post-

Haiyan period. A two-week warming up period (2–16 June 2013) was used for the 

pre-Haiyan calibration (16 June–5 November 2013), while the period between 2 June 

and 16 November 2013 was used as the warming up period for the post-Haiyan 

calibration (17 November 2013–11 June 2014). Net precipitation instead of gross 

precipitation was used as input for the model, using the different interception ratios 

derived in Chapter 4 for the pre-Haiyan period (3 June–7 November 2013, 

undisturbed canopy: 18%), the initial post-typhoon period with reduced LAI-values (8 

November 2013–28 February 2014, 12%), and a subsequent period with largely 

recovered LAI (1 March–2 June 2014, 17.5%). The potential evapotranspiration rates 

used in the model were decreased accordingly to avoid double counting of the 

interception component in the simulated evapotranspiration. 

   To fill the gaps in the streamflow record before and after typhoon disturbance (see 

Figure 5.2 below), the 25 best parameter sets for either period were selected (having 

average combined objective function values of 0.89 and 0.93 for the pre- and post-

Haiyan period, respectively). Because HBV-modeled 5-min streamflows were 3% and 

19% lower than observed on average during the respective periods (Supporting 

Figures 5.2ab), the gap-filled streamflow data were increased accordingly. Modeled 

median streamflow totals for gap-filling during the pre-Haiyan period amounted to 21 

mm (range: 15–28 mm) and 182 mm (range: 180–184 mm) for the wetter post-Haiyan 

period, representing 8–11% of the streamflow total (i.e. observed plus gap-filled). 

5.3.3 Data analysis 

5.3.3.1 Stormflow separation, catchment wetness index and recession analysis 

   To separate stormflow from baseflow during rainfall events, the constant-slope 

method of Hewlett and Hibbert (1967) was used. The following criteria were applied 

to select rainfall events for stormflow analyses: (i) gross rainfall per event  5 mm; 

(ii) the event was preceded by a rain-free period of  6 h; and (iii) rainfall and 

streamflow data were available for the entire event. On seven occasions (five pre-

Haiyan and two post-Haiyan storms with 6–10 mm of rain each), the observed 

stormflow response was too small to derive meaningful descriptive values and these 

events were excluded from further analyses. In total, 33 rainfall events prior to 
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typhoon Haiyan (stormflow range: 0.003–101 mm) and 44 rainfall events after 

typhoon Haiyan (stormflow range: 0.004–198 mm) were analysed. 

   Catchment wetness is an important factor determining the magnitude and timing of 

runoff response to rainfall. In view of the small size of the study catchment, a three-

day antecedent precipitation index (API3) was chosen to characterize catchment 

wetness status using a value of 0.85 for the decay constant determining the weight of 

the respective daily rainfall totals (Shaw et al., 2010). 

   Separate master recession curves were determined before and after catchment 

disturbance by typhoon Haiyan using the matching strip technique of Toebes and 

Strang (1964). Exponential curves were fitted to these master recession curves, while 

recession constants (k) for three super-imposed reservoirs were derived according to 

linear reservoir theory (De Zeeuw, 1973; Chapman, 1999). Furthermore, using the 

method outlined by De Zeeuw (1973), both master recession curves were examined 

for downward deviations from the exponential decline in flow from the slowest 

reservoir. No such deviations were observed, indicating no detectable catchment 

leakage (see results below). Flow duration curves were derived separately for the pre- 

and post-Haiyan periods using daily streamflow data. The ‘flashiness’ of the 

streamflow was calculated as the ratio of the daily flows that were exceeded for 10% 

and 90% of the time (F10/90; Richards, 1990).  

5.3.3.2 Catchment water budget 

   Although shallow groundwater levels were measured in the two piezometers (see 

Figure 5.1 for locations), changes in effective catchment-wide groundwater storage 

G(t) were evaluated using the method of Chapman (1999) in which G(t) (in mm) at 

time t is approximated by: 

G(t) = –Q(t) / ln (k)                 (Eq. 5-1) 

with Q(t) as the (base)flow rate at time t and k the corresponding reservoir constant 

(day-1). Equation (5-1) was used to calculate the changes in shallow groundwater 

storage G) between the start and end of the pre- and post-Haiyan runoff observation 

periods from the corresponding initial and final daily baseflow values. The associated 

changes in soil water storage S, mm) were derived from the integration of measured 

values of volumetric soil water content down to 110 cm at site S3 (Figure 5.2). 

Together with measured rainfall P and streamflow Q, this allowed estimation of 
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catchment-wide apparent evapotranspiration (ET) losses using the general water 

budget equation (ET = P – Q – G – S) for the two periods. 

Furthermore, to separate the effects of the higher rainfall and lower vegetation 

water use after catchment disturbance by typhoon Haiyan on streamflow levels, the 

double-mass curve approach of Liu et al. (2015) was used in which cumulative daily 

rainfall amounts are plotted against corresponding cumulative daily streamflow totals. 

5.3.3.3 Assessing the local infiltration trade-off after reforesting Imperata 

grassland 

   To explore the possibility of a positive trade-off between the changes in infiltration 

and vegetation water use incurred by reforesting Imperata grassland in northeastern 

Leyte (as implied by the local claim of improved streamflow regime), comparisons 

were made between annual stormflow totals and annual apparent evapotranspiration 

(ET) for the Manobo reforest and the nearby Basper grassland studied studied in 

Chapter 3. In doing so, it was assumed that the difference in stormflow production 

between the two catchments primarily represented the difference in rainfall infiltration 

and retention caused by the reforestation (cf. Bruijnzeel, 1989). Based on the fact that 

the two catchments were effectively watertight (the stream gauging weirs were 

constructed on fresh bedrock, while baseflow recession conformed to linear reservoir 

theory; see section on recession below) and were very similar in terms of the 

underlying rock type (gabbro), soil type (Eutric Cambisols of sandy clay loam 

texture), as well as rainfall inputs and overall climatic conditions, such a comparison 

was considered permissible (see discussion of the validity of the space-for-time 

substitution approach in Chapter 2). However, major changes in streamflow response 

and vegetation water use occurred after the study area was hit by typhoon Haiyan 

about five months after the start of the observations. Hence, estimates of ‘undisturbed’ 

stormflow and water use had to be derived for the (wetter) post-Haiyan period, while 

avoiding effects of possible differences in rainfall inputs between the two locations. 

Therefore, using the Basper rainfall record for both locations, stormflow amounts at 

Basper and Manobo for undisturbed conditions throughout the year were derived from 

equations linking pre-Haiyan stormflow amounts to event rainfall. Next, ‘undisturbed’ 

water use by the two vegetation types during the post-Haiyan months was estimated 

by multiplying the respective ratios of average daily pre-disturbance ET (based on the 
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respective catchment water budgets) to the corresponding ET0, times monthly post-

Haiyan values of ET0, and summing to annual values.  

5.3.3.4  Statistical analysis 

   Because of the disturbing effect of the typhoon on the catchment’s vegetation, a 

distinction was made between pre- and post-Haiyan conditions (called periods I and 

II, respectively). Period I lasted from 3 June–7 November 2013 (n = 158 days), while 

period II lasted from 8 November 2013 to 2 June 2014 (n = 207 days). Differences in 

the median runoff response to rainfall before and after forest disturbance were tested 

for significance using the Mann-Whitney-Wilcoxon test for pairwise comparisons 

between groups because the data were not normally distributed. A significance value 

of p = 0.05 was used for all analyses. Statgraphic Centurion XVII version 17.2.00 

software was used for all statistical analyses. 

5.4 RESULTS 

5.4.1 Seasonal distribution of precipitation and streamflow 

   The precipitation and streamflow time series included several periods of sustained 

high rainfall, notably between mid-November 2013 and mid-January 2014 and, to a 

lesser extent, from mid-March to mid-April 2014 (Figure 5.3). The largest and most 

intense event occurred on 7–8 November 2013 (passage of typhoon Haiyan) with an 

estimated rainfall of 228 mm, plus an estimated maximum of 50 mm of wind-driven 

rain (see Methods). Other large rainfall events occurred on 28–29 June 2013 (174 

mm, tropical storm Rumbia), 23–26 December 2013 (109 mm), 10–13 January 2014 

(197 mm) and 22–24 March 2014 (257 mm). Daily streamflow totals during these 

large events often approached 100 mm d-1 (Figure 5.3). Conversely, the lowest daily 

streamflows were observed in October 2013 and at the start of the observations in 

early June 2013, as well as towards the end of the observations in May 2014, all 

following extended periods with little rainfall (Figure 5.3).  

Table 5.2 summarizes the main components of the catchment water budget for the 

study year, distinguishing between pre- and post-typhoon disturbance conditions 

(periods I and II). Annual gross rainfall and streamflow totals were ~3338 mm 

(including up to 50 mm of wind-driven rain during typhoon Haiyan) and ~1884 mm, 

respectively. At 10.8 mm d-1, average daily rainfall for period II (8 November 2013–2 
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June 2014, n = 207 days) was 54% higher than in period I (7.0 mm d-1; 3 June–7 

November 2013, n = 158 days), but average daily streamflow increased nearly five-

fold (from 1.7 for Period I to 7.8 mm d-1 for period II). Average daily apparent ET for 

pre- and post-disturbance conditions decreased from 5.0 mm d-1 (period I) to 3.2 mm 

d-1 (period II). These values were equivalent to 125% and 91% of the respective 

calculated average daily reference ET0-values (Table 5.2). The flow duration curves 

for the two periods further illustrate the generally higher streamflow observed after 

disturbance of the forest (Figure 5.4a). Based on the ratio of the flows that were 

exceeded for 10% and 90% of the time, respectively (F10/90), the ‘flashiness’ of the 

streamflow nearly quadrupled during the post-Haiyan period (212 versus 57, Figure 

5.4a). Application of the modified double-mass curve approach suggested the effect of 

forest defoliation on post-typhoon streamflow to be far greater than that of increased 

rainfall alone (Figure 5.4b). 

Table 5.2 Water budget component totals (mm) for the Manobo catchment for the two 
different periods. Period I: 3 June–7 November 2013 (pre-disturbance); period II: 8 
November 2013–2 June 2014 (post-disturbance). P = precipitation, Q = streamflow, 

S+G) = change in soil water and groundwater storage; ET = water budget-based 
apparent evapotranspiration and ET0 = reference evapotranspiration. Streamflow 
totals include gap-filled data (cf. Figure 5.3). Net precipitation data taken from 
Chapter 4.  

Period Days 
P 

(mm) 

Net P 

(mm) 

Q 

(mm) 

S+G) 

(mm) 

ET 

(mm) 

ET 

(mm d-1) 

ET0 

(mm d-1) 

I 158 1113 913 263 65 785 5.0 3.9 

II 

Annual 

207 

365 

2225 

3338 

1916 

2829 

1621 

1884 

-67 

-3 

671 

1456 

3.2 

4.0 

3.6 

3.7 
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Figure 5.3 Seasonal variation in daily rainfall and streamflow for the Manobo 
catchment between 3 June 2013 and 2 June 2014. The solid line represents observed 
streamflow while the dashed line marks gap-filled streamflow using the HBV-model. 
Note the use of a logarithmic scale for streamflow. 
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Figure 5.4 (a) Flow duration curves for the Manobo catchment during the pre- and 
post-Haiyan periods. (b) Double-mass plot of cumulative daily streamflow versus 
cumulative daily precipitation. 
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5.4.2 Streamflow recession 

Streamflow recessions during the two periods were described well using three 

superimposed linear reservoirs. Pre-disturbance recession constants (converting the k-

values of Figure 5 to d-1) were 0.168 d-1 for the slowest (groundwater) reservoir, 0.36 

d-1 for the intermediate reservoir, and 1.30 d-1 for the fastest reservoir. Corresponding 

post-disturbance values were 0.144, 0.48 and 2.04 d-1, respectively. Interestingly, the 

recession rates for the intermediate and slowest reservoirs did not differ significantly 

between the two periods, despite the fact that baseflow was considerably higher 

during period II (Figures 5.4a and 5.5). Conversely, the recession rate for the fastest 

reservoir almost doubled during period II (Figure 5.5). 

 

Figure 5.5 The streamflow recession curves for the Manobo catchment during (a) 
pre- and (b) post-Haiyan conditions can be described by the outflow from three 
superimposed linear reservoirs. 

5.4.3 Runoff response to rainfall before and after forest disturbance  

Although median event rainfall amount (P), intensity (I) and duration of the rising 

limb of stormflow (Tp), as well as the median three-day antecedent precipitation index 

(API3) did not differ significantly between the pre- and post-Haiyan data-sets, post-

Haiyan medians of stormflow depth Qq, storm runoff coefficient Qq/P, as well as peak 

flow Qp and stormflow duration Td (as measured from the first rise in flow until the 

intersection of the separation line with the falling limb) were all significantly larger 
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(Table 5.3). The median post-Haiyan storm runoff coefficient was 17 times higher 

(5.1% versus 0.3% for the pre-Haiyan period), while the post-Haiyan median Td 

quadrupled (15.3 h versus 3.8 h; Table 5.3). Converting the median pre- and post-

typhoon Qq/P-values (in %) to equivalent minimum storm runoff contributing areas 

(MCA, in ha; Dickinson and Whiteley, 1970) suggested median MCA-values of 0.03 

ha and 0.45 ha, respectively. Maximum inferred values for MCA during extreme 

events were very much larger at 5.1–7.3 ha (Table 5.3). 

Storm runoff coefficients (Qq/P) increased with rainfall size class, although the 

spread in the data was considerable (Supporting Table 5.1). Pre-typhoon averages 

ranged from a low 0.2 ± 0.1% (SD) for small storms (5–10 mm of rain), to 11–19 % 

for intermediate storms (20–50 mm), and 55% for a very large rainfall event (174 

mm). Equivalent post-Haiyan values were two to three times larger for rainfall events 

up to 100 mm (Supporting Table 5.1). Overall weighted mean Qq/P for the 33 and 44 

examined storm events (i.e. cumulative Qq divided by the corresponding cumulative 

P) were 21% and 49%, implying a 2.3-fold increase for the post-Haiyan period (Table 

5.3).  

Cumulative stormflow totals for the 12 events for which streamflow data were not 

available were estimated using (i) the HBV-simulated streamflow and (ii) best-fit 

correlations between observed stormflow and event rainfall for the two periods (cf. 

Figure 5.6a). The estimated stormflow totals did not differ statistically between the 

two methods, so we chose to use the ones based on the regression approach, which 

amounted to 24 mm and 56 mm for the missing pre- and post-typhoon events, 

respectively. The cumulative stormflow totals for the two periods were 180 and 986 

mm (or 68% and 61% of corresponding total streamflow Qt). Total Qq for the study 

year was 1166 mm (62% of Qt), while baseflow contributed 718 mm (38% of Qt). 

Corresponding period-mean storm runoff coefficients were 16% (period I), 44% 

(period II), and 35% (year). These period-averages are slightly lower than the 

weighted mean stormflow coefficients derived from the 77 observed events (21 and 

49%, respectively; Table 5.3), but the relative increase in Qq/P from pre-typhoon to 

post-typhoon conditions remained comparable (2.7 versus 2.3 times). Pertinently, 

large events contributed more than half of the total stormflow produced during either 

period. For the pre-Haiyan period, the event of 28–30 June 2013 alone (tropical storm 

Rumbia, Qq = 101 mm) provided 56% of the period-total stormflow, whereas during 
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the wetter post-Haiyan period four large events (including typhoon Haiyan itself) 

jointly contributed 545 mm of  stormflow (or 55% of the period total).  

Stormflow amounts for individual events were strongly correlated with rainfall 

amounts above a rainfall threshold of 15–25 mm (depending on the period), with 

respective (Pearson) correlations (R2) of 0.97 and 0.92 (Figure 5.6a). Although the 

slopes of the respective equations did not differ significantly, post-Haiyan values of 

Qq for a given rainfall were higher across the rainfall spectrum (Figure 5.6a). Peak 

discharge Qp also increased significantly (and non-linearly) with event rainfall amount 

in the respective periods (Figure 5.6b), although the correlations were less strong than 

for the corresponding Qq–P relationships (R2 = 0.43–0.58).  

   Stormflow amounts for undisturbed forest conditions were hardly affected by the 

maximum 15-min rainfall intensity during an event (Imax_15, mm h-1 equivalent), not 

even for very high values, while only a few post-Haiyan events exhibited markedly 

enhanced Qq after Imax_15 exceeded a value of ~30 mm h-1 (Figure 5.7a). Similarly, 

prior to typhoon Haiyan, the response of peak flows to Imax_15 was very limited and 

the correlation was not significant, whereas afterwards, Qp was much higher beyond a 

threshold Imax_15 of ~15 mm h-1 (Figure 5.7b). The results were very similar for 

maximum 5- or 30-min rainfall intensities (not shown).  

5.4.4 Runoff response and antecedent soil water conditions 

   Stormflow at Manobo showed clear threshold behaviour with regards to soil water 

status. Both Qq and Qp increased rapidly (and linearly) beyond a critical value of the 

sum of net rainfall (Pnet) and antecedent soil water content in the top 60 cm (ASWC60) 

as measured at the mid-slope soil water monitoring site, with a pre-Haiyan threshold 

value [Pnet + ASWC60] of ~250 mm and a slightly lower value (~240 mm) during the 

post-Haiyan period (Figure 5.8a). These two threshold values were intermediate 

between the corresponding depth-integrated amounts of soil water at full saturation 

(~300 mm) and field capacity (~235 mm) (cf. Table 5.1, mean values for eight soil 

profiles). Very similar patterns were observed for Qp (Figure 5.8b), although the 

correlations for the respective relations between post-threshold values of Qp and [Pnet 

+ ASWC60] were less strong than those for Qq. 
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Figure 5.6 (a) Stormflow depth Qq and (b) peak discharge Qp as a function of event rainfall 
amount P at the Manobo catchment during pre- and post-Haiyan conditions. 
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Figure 5.7 (a) Stormflow depth Qq and (b) peak flow rate Qp (in mm h-1 equivalent) as a 
function of the maximum 15-min rainfall intensity per event (Imax_15) for the Manobo 
catchment during pre- and post-Haiyan conditions. Note that the trend-line for pre-Haiyan 
data is not statistically significant and only shown to indicate the trend. 
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Figure 5.8 Stormflow amount Qq and peak flow rate Qp as a function of the sum of net 
rainfall (Net P) and antecedent soil water content in the top 60 cm of soil (ASWC60) at 
Manobo as measured at the mid-slope monitoring site S3 (see Figure 5.2 for location). 

5.4.5 Catchment sediment yield 

Amounts of sediment transported by the Manobo stream were small. Bedload accumulation 

behind the weir was such that the stilling basin needed to be cleaned only once (on 7 January 

2014) when 2.2 m3 of material was removed (equivalent to 0.25 t ha-1 of bedload). 

Measurable suspended sediment concentrations (SSC) were obtained for 41 samples collected 
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during five bigger storm events, one of which occurred prior to typhoon Haiyan. During the 

first two months after typhoon passage on 8 November 2013, SSC-values increased roughly 

1.5 times for discharges above 5 l s-1 compared to pre-disturbance conditions (Figure 5.9). 

Together with the higher stormflows observed during the initial post-Haiyan period 

(November–January; Figure 5.3), this resulted in strongly elevated suspended sediment 

transport during these two months (2.1 t ha-1 versus 0.5 t ha-1 over the five months prior to the 

typhoon; Table 5.4). Whilst the slopes of these (preliminary) sediment rating curves for the 

two post-Haiyan periods distinguished (8 November 2013 – 7 January 2014 and 8 January – 

2 June 2014) were very similar, SSC-values for given instantaneous flows were reduced by 

~70% on average during the latter period (Figure 5.9), yielding a correspondingly lowered 

suspended sediment export of 0.76 t ha-1. Estimated suspended sediment yield during the 

study year was ~3.40 t ha-1 yr-1, of which 63% occurred during the first two months after 

typhoon passage. Adding a minimum of 0.3 t ha-1 of bedload transport (8%) yielded an 

overall sediment output from the Manobo catchment of ~3.7 t ha-1 yr-1 ( Table 5.4).  

 

Figure 5.9 Tentative sediment rating curves for the Manobo catchment for three contrasting 
conditions based on limited event sampling: period I (3 June–7 November 2013, pre-
disturbance; n = 1, 15 September 2013); period II (8 November 2013–6 January 2014; initial 
post-disturbance period; n = 2, Haiyan and 4 January 2014 events); and period III (7 
January–2 June 2014; post-disturbance recovery period; n = 2, 14 January and 23 April 
events).   
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Table 5.4 Estimated amounts of suspended sediment (SSL) and bedload (BL) carried by the 
Manobo stream during three specific periods within the study year. Period I: 3 June–7 
November 2013 (n = 158 days, pre-disturbance); period II: 8 November 2013–6 January 
2014 (n = 60 days, initial post-disturbance period); period III: 7 January–2 June 2014 (n = 
147 days, post-disturbance recovery period). SY = total sediment yield. 

Period 
SSL  

(t ha-1) 
BL  

( t ha-1) 
Total SY  
(t ha-1) 

BL  
(%) 

I 0.50 - 0.50 - 

II 2.14 0.31 2.45 12.7 

III 0.76 - 0.76 - 

Annual 3.40 0.31 3.71 8.4 

 

5.5 DISCUSSION 

5.5.1 Vegetation water use: semi-mature multi-species reforest versus old-growth rain 

forest  

   Based on the fact that the stream gauging weir was built on solid bedrock and outflow from 

the slowest (groundwater) reservoir conformed to linear reservoir theory (Figure 5.5), we 

considered the Manobo catchment to be watertight (De Zeeuw, 1973) and estimates of 

apparent evapotranspiration derived from the catchment water budget (Table 5.2) not to be 

overestimated due to catchment leakage. The average pre-disturbance apparent 

evapotranspiration (ET) was 5.0 mm d-1 (Table 5.2). Normalizing this value by dividing by 

the pre-Haiyan-average reference evapotranspiration ET0, and multiplying the resulting ratio 

(1.256) times the average post-typhoon ET0 gave an approximate annual ET of 1710 mm yr-1 

for undisturbed forest conditions. The observed ET was ~1455 mm yr-1 (Table 5.2), 

suggesting ET was reduced by ~255 mm due to the temporary defoliation of the forest 

canopy by typhoon Haiyan (cf. Chapter 4).  

   Comparative observations of ET for similar semi-mature, multi-species tropical reforests 

are limited to a mixed 17–27 year-old plantation in lowland coastal Guangdong (SE China, 

mean annual rainfall 1455 mm) for which Zhou et al. (2002) derived an apparent ET of 1415 

mm yr-1 over a 10-year period. The annual apparent ET for the vigorous Manobo reforest also 

exceeded values reported for various old-growth lowland rain forests exposed to similar 

maritime tropical conditions with high rainfall, such as NE Queensland (1300–1420 mm; 

Gilmour, 1977; McJannet et al., 2007) and NE Borneo (1515 mm; Bidin and Greer, 1997). 
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The lower overall water use of the Queensland rain forest relative to the Manobo reforest 

primarily concerns a much smaller transpiration component – amongst others due to a lower 

LAI and ET0 for the Australian forest – while wet-canopy evaporation totals were nearly 

identical for the two forests (McJannet et al., 2007; cf. Chapter 4). Although an evaporation-

enhancing effect of advection of warm, dry air from the surrounding grasslands and fields at 

Manobo (cf. Giambelluca et al., 2003) cannot be excluded, another factor of importance may 

be the often higher water uptake of young forests that are actively acquiring biomass, 

compared to old-growth forest whose biomass has reached a dynamic equilibrium 

(Giambelluca et al., 2000; Sommer et al., 2003; cf. Roberts et al., 2005). Also, mixed-species 

plantations tend to have a higher water use compared to mono-specific stands, particularly 

when the mixture includes nitrogen fixing species (Zhou et al., 2002; Kunert et al., 2012; 

Schwendenmann et al., 2015; cf. Forrester, 2015). Although soil water content in the top 40 

cm at Manobo was severely depleted in October 2013 and May 2014, no signs of acute water 

stress (such as increased leaf litter production) were observed during or after these relatively 

dry periods, suggesting moisture in deeper layers remained adequate to maintain transpiration 

(Supporting Figure 5.3; cf. Christina et al., 2017; Zhao and Wang, 2018). Subtracting annual 

interception loss Ei from the overall ET to obtain an approximate value for transpiration Et 

(including a minor amount of forest floor evaporation, Es) gave the very similar average daily 

values of 3.1 and 3.0 mm d-1 for the semi-mature Manobo reforest and the Bornean old-

growth rain forest referred to earlier (taking Ei for the respective forests from Chapter 4 and 

Burghouts et al. (1998)). A comparable average daily rate of Et (2.7 mm d-1) was reported for 

a 9.5-year-old Acacia stand of average stocking at a high rainfall site in Brunei by Cienciala 

et al. (2000), but distinctly higher values (3.7–4.3 mm d-1) were obtained for vigorous 14–18 

year-old Eucalyptus and Anacardium plantations in coastal SW India (Kallarackal and 

Somen, 2004), as well as for 15-year-old Caribbean pines in the Fiji archipelago (Waterloo et 

al., 1999). All this suggests that apparent Et at Manobo was not particularly high. Rather, the 

high overall ET reflects the site’s high interception loss (see also discussion in Chapter 4). It 

has been suggested that Ei from forests at maritime tropical locations is increased relative to 

mid-continental sites due to large-scale advection of warm air from the ocean (Shuttleworth 

and Calder, 1979; Wallace and McJannet, 2008). However, Holwerda et al. (2012) drew 

attention to the fact that in a (preliminary) comparison of wet-canopy evaporation rates for 

eight ‘oceanic’ tropical sites and five more ‘continental’ sites, values tended to be higher 

within each group for forests located in dissected or mountainous terrain as opposed to sites 

in less complex terrain. This suggests aerodynamic roughness at the landscape scale is a key 
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factor (see discussion in Van Dijk et al., 2015). Interestingly, the Manobo ridge is the first 

topographic rise encountered by moist winds coming from the nearby Pacific, suggesting 

possibly increased turbulence and vapour exchange between the wet forest canopy and the 

passing air (cf. Chapter 4).  

5.5.2 Runoff response at Manobo: general conceptual model and effects of forest 

disturbance  

   Although the difference in median gross rainfall amounts for the analyzed events before (n 

= 33) and after (n = 44) forest disturbance by typhoon Haiyan was not statistically significant, 

median post-Haiyan values of stormflow amount (Qq), peak flow rate (Qp), storm runoff 

coefficient (Qq/P) and stormflow duration (Td) all increased substantially (Table 5.3). This 

reflected a combination of the higher total precipitation, higher net rainfall inputs (notably 

during the first three months after disturbance when the reforest’s LAI was at a minimum; 

Chapter 4) and, especially, the higher post-Haiyan soil water contents (measured at the mid-

slope site S3), as well as higher shallow groundwater levels in foot-slope locations 

(Supporting Figure 5.3). The soils at Manobo became thinner going from the ridge to the 

stream, while the lower slopes were mostly concave, leading to increasingly wet conditions 

further downslope (Ward, 1984). During near-saturated conditions, large macropores (notably 

decayed-root channels and worm burrows; Van Noordwijk et al., 1991; Sidle et al., 2001; 

Chappell, 2010) likely became activated (cf. Supporting Figure 5.4), thereby promoting 

lateral contributions to storm runoff (Hsia, 1987; Schellekens et al., 2004; Cheng et al., 

2017). Saturated soil hydraulic conductivities (Ksat) at Manobo are such that infiltration-

excess overland flow (IOF) or ponding in the first 40 cm of the soil is not expected to occur 

under the prevailing rainfall intensities (Chapter 2; Table 5.1). However, rapid lateral 

subsurface stormflow (SSSF) was inferred to occur regularly (for ~30% of rain-time) at a 

depth of 60 cm (mid-slope position) or closer to the surface (foot-slopes; Supporting Figures 

5.3 and 5.4). While prior to forest disturbance, foot-slope groundwater levels in piezometer 

G3 rose to within 30 cm from the surface only once, the water table reached the surface on 

two occasions during and after the Haiyan event and came to within ~10 cm or less from the 

surface during numerous other storms (Supporting Figure 5.3), suggesting the occurrence of 

saturation overland flow (SOF) during these events. SSSF may explain the observed runoff 

response for intermediate rainfall events (Qq/P = 10–20% for P = 20–50 mm), while during 

large or extreme events (P > 100 mm), SOF in foot-slope areas also contributed to storm 

runoff, leading to runoff coefficients in excess of 50% (Supporting Table 5.1). This latter 
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situation became much more frequent after disturbance of the forest by typhoon Haiyan, 

when the soils were generally wetter (Supporting Figure 5.3) and the runoff response was 

more pronounced (Supporting Table 5.1). Similar increases in storm runoff coefficient with 

increasing rainfall amount have been reported for many other tropical catchments, with the 

highest values (50–90%) recorded for steep catchments during times of prolonged rainfall (> 

100 mm) in association with typhoon passage (e.g. Queensland: Howard et al., 2010; Taiwan: 

Hsia, 1987). 

   With cumulative pre-disturbance stormflow making up 16% of incoming rainfall on 

average (Table 5.2), the runoff response of the Manobo reforest was intermediate between 

that reported for various old-growth rain forests with a hydrologically active soil depth of 50–

200 cm and comparably high rainfall (Qq/P = 8–10%; Hsia, 1987; Schellekens et al., 2004; 

Ogden et al., 2013), and rain forests with an impeding layer at shallow depth (< 25 cm) or 

having extensive saturated valley bottoms (Qq/P = 30–40%; Malmer, 1992; Fritsch, 1993; 

Howard et al., 2010). Catchments with comparable SSSF-dominated storm runoff behaviour 

as the (undisturbed) Manobo reforest (Qq/P = 13–17%) share narrow valley bottoms (limiting 

SOF-occurrence; see discussion in Hodnett et al., 1997; Masiyandima et al., 2003) and 

sufficiently permeable hillside soils (limiting overland flow of either kind) (Fritsch, 1993; 

Bidin and Greer, 1997; Cheng et al., 2002; cf. Elsenbeer, 2001). However, upon becoming 

temporarily defoliated after typhoon Haiyan (Chapter 4), the response of the Manobo reforest 

increased nearly three-fold (average Qq/P = 44%; Table 5.2), making the catchment one of 

the most responsive humid tropical forest sites described to date (Bonell, 2005; cf. Godsey et 

al., 2004; Howard et al., 2010). Our observations did not continue long enough to establish 

whether the catchment’s behaviour during the next peak rainfall period (November 2014–

January 2015) was moderated already by the recovery of the vegetation. By the end of the 

study period (June 2014), the LAI and rainfall interception capacity of the Manobo reforest 

were close to pre-disturbance values (Chapter 4), suggesting forest water use increased 

accordingly (Scatena et al., 2005). Given the dependence of the runoff response at Manobo 

on soil water conditions (Figure 5.8), one would expect the enhanced post-Haiyan Qq/P-

values to gradually subside again with time (depending on the actual speed of forest 

recovery), although maximum response values may remain similar (i.e. regardless of the 

condition of the vegetation) once the soil’s water storage capacity is reached during times of 

extreme rainfall (Hewlett, 1982; Hsia, 1987; Howard et al., 2010).  
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    The duration of altered streamflow following forest disturbance by typhoons depends on 

the degree of damage inflicted to the forest as well as on the dynamics and rate of forest 

recovery. When, on top of defoliation, the structural damage consists mostly of snapped and 

uprooted trees in the upper stratum, saplings and seedlings may benefit from the increased 

light levels and increase their biomass, thereby gradually increasing ET over time (Jayakaran 

et al., 2014; cf. Yao et al., 2015). Under such conditions, a return to pre-typhoon above-

ground biomass and water yield may well take more than a decade (Jayakaran et al., 2014; cf. 

Heartsill-Scalley et al., 2010). Conversely, where the natural vegetation has adapted itself 

structurally to frequent typhoon occurrence (e.g. by developing a relatively low stature and an 

aerodynamically smooth upper canopy with small gaps only), forest damage may be 

restricted to temporary defoliation and recovery times will be typically short, as demonstrated 

for some exceptionally resilient forests in Taiwan (Lin et al., 2011; Yao et al., 2015). For 

example, while nutrient concentrations in stream water remained elevated for 500 days after 

hurricane Hugo wrecked the forests of eastern Puerto Rico (Schaefer et al., 2000), a similar 

effect lasted only a week in NE Taiwan (Lin et al., 2011). However, planted forests (like the 

Manobo reforest) may be less well adapted and suffer greater damage than fully natural forest 

(e.g. planted mahogany in Puerto Rican rain forest: Basnet et al., 1992; Caribbean pines in 

Nicaragua and Fiji: Bouchet et al., 1990; Waterloo, 1994), although relative site exposure 

plays a role as well (Basnet et al., 1992; Lee et al., 2008). As such, the predicted trend 

towards a more frequent occurrence of the most intensive typhoons due to continued global 

warming and oceanic freshening (Knutson et al., 2010; Balaguru et al., 2016) does not bode 

well for planted forests in typhoon-prone areas like the Philippines. Indeed, an estimated 44 

million coconut trees were damaged or killed during passage of typhoon Haiyan alone, while 

6–9 years (without subsequent disturbance) would be required to bring production back to 

pre-typhoon levels (FAO, 2014). 

5.5.3 Reforesting degraded Imperata grassland: a positive hydrological trade-off? 

   The negative effect of forestation of grass- and shrub-lands on water yield under warm-

temperate and sub-tropical conditions are well-documented, both at the small experimental 

catchment scale (Jackson et al., 2005; Farley et al., 2005) and for large ‘real-world’ 

catchments and river basins (Trimble et al., 1987; Li et al., 2014; Liu et al., 2015). Such 

findings have cast serious doubts on the reality of the traditional ‘forest sponge’ concept and 

the contention that a good forest cover guarantees a stable supply of streamflow through 

ample infiltration during times of peak rainfall and the slow release of water during the dry 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 187PDF page: 187PDF page: 187PDF page: 187

Chapter 5. Forest runoff response  

 

177 
 

season (Calder, 2005; FAO-CIFOR, 2005; cf. Jasechko and Taylor, 2015; Cheng et al., 2017). 

Yet, despite the fact that in controlled forest removal experiments, streamflow invariably 

increased (Brown et al., 2005), there are numerous ‘real-world’ examples of diminished 

groundwater recharge and dry-season flow after tropical deforestation – despite the lower 

water use of the post-forest land cover (Bruijnzeel, 2004; Roa-García et al., 2010; Recha et 

al., 2012; Krishnaswamy et al., 2012; Qazi et al., 2017).) In other words, the ‘forest sponge’ 

effect can be lost if surface infiltration conditions become critically impaired by slaking, 

crusting or compaction of the soil by inappropriate land management (Bruijnzeel, 2004; Sidle 

et al., 2006; Lacombe et al., 2016). The key question then becomes whether, and to what 

extent, the process is reversible, i.e. can dry-season flows be boosted again to former pre-

degradation levels through reforestation (Bruijnzeel, 1989; Scott et al., 2005)? In recent 

years, several tropical and warm-temperate studies of the effect of reforesting severely 

degraded land on flow regimes in SW India (Krishnaswamy et al., 2013), South Korea (Choi 

and Kim, 2015) and SE China (Zhou et al., 2010) have shown major reductions in stormflow 

production (implying increased infiltration and retention) as well as modest increases in 

delayed flow and baseflow, although the latter were still much less than amounts associated 

with local undisturbed old-growth forest (e.g. Krishnaswamy et al., 2012). In other cases, 

baseflow remained the same after reforestation (e.g. Tennessee Valley Authority, 1961; Liu et 

al., 2015), suggesting a neutral trade-off between the effects of changes in catchment-wide 

retention and vegetation water use. The latter may also reflect a limited overall capacity to 

store moisture in the soil due to soil erosion during the preceding degradation phase, despite 

the fact that topsoil infiltration capacity improved again after reforestation (Bruijnzeel, 1989; 

Scott et al., 2005; Liu et al., 2015). 

   According to local tribe leaders, streamflow in the Manobo study catchment became 

perennial in 1998, i.e. some 7.5 years after the start of the reforestation of the Imperata 

grassland. Taking the data on apparent ET and stormflow production for the (undisturbed) 

Manobo reforest, and comparing these with corresponding values for the nearby 3.2 ha 

Basper grassland micro-catchment (Chapter 3) allowed a preliminary assessment of the net 

change imparted by the reforestation after 23 years of forest development. At 1710 mm yr-1, 

the apparent ET for the Manobo reforest in its undisturbed state exceeded the corresponding 

value (derived by similar means) for the Imperata catchment by only 100 mm. In Chapter 3 

the high ET for the Basper grassland was attributed to the fact that the central ~14% of the 

catchment was covered with young regenerating vegetation whose water use was likely 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 188PDF page: 188PDF page: 188PDF page: 188

Chapter 5. Forest runoff response 

 

178 
 

higher than that of the grass (Hölscher et al., 1997; Giambelluca et al., 2000; cf. Sun et al., 

2008), also because soil water in the foot-slopes and riparian zone was in ample supply 

(Figure 2.6). On the other hand, annual stormflow production by the two catchments for 

undisturbed conditions – computed by inserting the Basper rainfall series (n = 98 events with 

P > 5 mm) into equations linking pre-typhoon runoff response to event rainfall for each 

catchment (Supporting Figure 5.5) – gave annual stormflow totals of ~890 and ~1130 mm yr-

1 for the reforest and the grassland, respectively. As such, water gains through improved 

infiltration and retention (240 mm yr-1) exceeded the extra losses via evapotranspiration (-100 

mm yr-1), implying a net gain in baseflow of ~140 mm yr-1, thereby tentatively confirming 

the local claim of improved streamflow after reforestation. However, the seven-year moving 

average of annual rainfall totals for Tacloban Airport increased from ~2600 to ~3050 mm yr-1 

between 1984 and 2011, whereas the 7-year average number of ‘dry’ months with less than 

100 mm of rainfall each decreased from 2.7 to 1.4 mo yr-1 (Supporting Figure 5.6). Therefore, 

apart from the improvement of soil hydrological functioning due to the reforestation, this 

gradual wetting of the local climate by ~17 mm yr-1 may have played a role as well in 

rendering the Manobo stream perennial, although the lack of corresponding long-term data on 

forest development and streamflow precludes quantification of the effect (cf. Vertessy et al., 

2001; Lacombe et al., 2016). Nevertheless, the fact that streamflow at Manobo became 

perennial in 1998, a very dry El Niño year that was preceded by three wetter years 

(Supporting Figure 5.6b), suggests that by 1998 the moisture infiltration and storage capacity 

of the soil had increased sufficiently (cf. Cheng et al., 2017; Chapter 2).  

5.5.4 Typhoon Haiyan and catchment sediment yield 

   The estimated sediment yield of the Manobo catchment during the study year was 3.7 t ha-1 

yr-1 -1 yr-1 (8%) of bedload (Table 5.4). Nearly two-thirds (64%) of the 

annual yield (and all of the bedload) were produced in the first two months after the site was 

struck by typhoon Haiyan in November 2013. Interestingly, concentrations of suspended 

sediment dropped markedly after this peak period, despite a renewed period of high rainfall 

in April 2014 (Figure 5.3), suggesting the system became supply-limited after this initial 

period of intensive flushing (Figure 5.9). In the absence of hillside mass wasting, sediment 

transported by the Manobo stream is likely to derive mostly from stream bank scouring and 

collapse during large events, and to a (much) lesser extent from surface erosion during rare 

occasions of SOF on riparian foot-slopes (Supporting Figure 5.3; cf. Douglas and Guyot, 

2005). Longer-term observations are required, because annual stream sediment loads are 
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typically dominated by a limited number of large rainfall events, the frequency of which 

tends to vary between years (White, 1990; Chappell et al., 1999; Chen et al., 2015). 

Nevertheless, the presently estimated sediment yield is well within the range reported for 

various small forested catchments elsewhere in the region that had high rainfall (> 2700 mm 

yr-1) but were not subject to widespread mass wasting nor to regular typhoon incidence 

(0.25–6.8 t ha-1 yr-1; Turvey, 1975; Bruijnzeel, 1983b; Malmer, 1990; Chappell et al., 1999; 

Gafur et al., 2003). Perhaps contrary to expectation, annual sediment yields for forested 

catchments in typhoon-affected areas like Taiwan and northern Queensland – although 

heavily dominated by the sediment transported during these few extreme events – can still be 

very low (0.2–2 t ha-1 yr-1) as long as mass wasting remains unimportant (Douglas, 1967; 

Cheng et al., 2002; Joo et al., 2012). Conversely, where in addition to high rainfall and steep 

topography, the nature of the geological substrate and tectonic setting favour widespread 

mass wasting, sediment yields can become very high (>25 t ha-1 yr-1, especially after forest 

removal (Douglas and Guyot, 2005; Sidle et al., 2006; Lin et al., 2008; Tsou et al., 2011; 

Chen et al., 2018). Indeed, although subject to the same amounts of rainfall as the Manobo 

reforest, the nearby landslide-affected Imperata grassland micro-catchment at Basper 

produced ~7.5 times as much sediment (27.4 t ha-1 yr-1; Chapter 3). Most of this sediment 

(94%) was generated during and after typhoon Haiyan, when new landslides were formed as 

well as old ones reactivated (Chapter 3; see also Rabonza et al., 2015). This contrast between 

the two land covers illustrates the important positive effect that successful reforestation of 

degraded land can have on catchment sediment yields, both in terms of checking surface 

erosion by improved infiltration and ground cover (Wiersum, 1984; Mathys et al., 2003; cf. 

Chapter 2), and through increased anchoring of the (generally drier) overburden by a well-

developed root network (O’Loughlin, 1984; Sidle et al., 2006; Temgoua et al., 2016). 

Interestingly, upon maturation, planted forests appear to be as effective in reducing sediment 

yield as natural forest (TVA, 1961; Cassells et al., 1982; Vanacker et al., 2007), provided the 

development of large gaps with their adverse effect on slope stability (Genet et al., 2008) is 

avoided.  
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5.6 CONCLUSIONS 

   To explore local claims of streamflow having become perennial some 7–8 years after 

reforesting a barren Imperata grassland area at Manobo near Tacloban city, Leyte Island 

(Philippines), rainfall, streamflow, soil moisture and shallow groundwater levels, as well as 

sediment yield were measured between June 2013 and May 2014 for the 8.75 ha Manobo 

reforest catchment. Prior to the start of reforestation in 1990, the degraded grassland did not 

sustain year-round streamflow, despite high annual rainfall (~2600 mm) and a short dry 

season. During the first few years, emphasis was placed by the Manobo tribe on planting 

Gmelina arborea, Swietenia macrophylla and coconut trees to create the shade required by 

the seedlings of native species that were gradually added to ultimately form a multi-species 

reforest. Five months after the start of the observations, however, the area was struck by 

typhoon Haiyan (on 8 November 2013), one of the largest events on record and bringing 

~230 mm of rainfall (plus an estimated maximum of 50 mm wind-driven rain) within several 

hours. Damage inflicted to the reforest was considerable, with nearly 60% of the trees in 

relatively sheltered foot-slope locations sustaining more than 50% leaf loss versus more than 

80% in more exposed mid- and upper-slope locations. 

   Pre-typhoon average daily apparent water use (ET) of the undisturbed 23-year-old ‘reforest’ 

(sensu Chazdon et al., 2016) as derived from the catchment water budget was rather high (5.0 

mm d-1), reflecting the generally ample availability of soil water as well as a possible 

evaporation-enhancing effect of advected heat from the non-forested surroundings and the 

nearby Pacific Ocean. Rainfall interception loss from the undisturbed canopy contributed 

~33% of corresponding overall ET. Post-typhoon ET was reduced to 3.2 mm d-1, reflecting a 

lower leaf area index as well as lower interception losses. 

   Runoff response to rainfall increased with event rainfall size, both before and after forest 

disturbance, with maximum values up to 55% and 69%, respectively. Overall weighted 

average storm runoff coefficients for pre- and post-Haiyan conditions were 16% and 44%, 

respectively. The latter ranks as one of the higher values reported in the literature on humid 

tropical runoff responses. Both stormflow volume and peak discharge increased rapidly once 

a threshold value for mid-slope soil water storage in the top 60 cm of ~250 mm was exceeded 

(pre-typhoon situation); a marginally lower threshold of ~240 mm was observed after forest 

disturbance. ‘Direct’ runoff contributions before the disturbance consisted exclusively of 

subsurface flow, reflecting the prevailing high soil hydraulic conductivities down to 60 cm 

depth, while shallow groundwater levels in foot-slope locations never reached the surface. 
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However, after forest disturbance, foot-slope water tables rose regularly to within 10 cm, with 

saturation overland flow being observed during several arge storms. Overall pre-typhoon 

runoff response at Manobo was comparable to that reported for old-growth rain forest 

catchments with similar soils and rainfall.  

   Estimated catchment sediment yield was 3.7 t ha-1 yr-1, of which nearly 70% occurred 

during the first two months after Haiyan. Subsequent sediment transport dropped 

dramatically when the system apparently became supply-limited after this initial flushing 

phase. Bedload made up ~8% of the annual yield. Sediment production at Manobo was 

comparable to values reported for various old-growth rain forests in similar geo-climatic 

settings within the region. 

   Comparing the average ET and stormflow production for the undisturbed Manobo reforest 

with those of a nearby landslide-affected Imperata grassland micro-catchment (Chapter 3) 

suggested that the extra infiltration afforded by the reforestation (~240 mm yr-1 of stormflow 

reduction) exceeded the extra water use of the reforest (~100 mm yr-1), implying a net 

positive trade-off (and increase in baseflow) of ~140 mm yr-1. Whilst this result would seem 

to confirm the local claim that reforesting the degraded grassland caused streamflow to 

become perennial, it should be noted that the seven-year moving average of annual rainfall 

totals in the area increased by ~17 mm yr-1 between 1984 and 2011, whereas the number of 

dry months with <100 mm of rain each decreased from 2.7 to 1.4 mo yr-1. Further work is 

needed, therefore, to separate the long-term climatic effect on streamflow from that exerted 

by the developing reforest. 
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5.7 SUPPORTING MATERIALS  

Supporting Table 5.1 Mean storm runoff coefficients (Qq/P) for different rainfall (P) classes 
at Manobo before and after passage of typhoon Haiyan. Qq = storm runoff, SD = standard 
deviation.  

Rainfall size 
(mm) 

Number of 
events 

Mean P±SD 
(mm) 

Total P 
(mm) 

Total Qq 
(mm) 

Mean Qq/P±SD 
(%) 

Pre-Haiyan (n = 33) 

5–10 14 7±1 103 0.2 0.2±0.1 

10–20 10 14±3 139 3 2.2±3.3 

20–30 3 24±3 70 7.7 11±7.5 

30–40 3 33±4 99 1.8 (1.9±2.0)* 

40–50 1 44 44 8.3 19 

50–100 1 97 97 11 26 

>100 1 174 174 24 55 

Post-Haiyan (n = 44) 

5–10 15 7±2 107 0.6 0.6±0.1 

10–20 10 15±3 147 8.7 5.9±1.4 

20–30 2 26±5 53 9 17±3.2 

30–40 2 38±3 75 20 27±0.4 

40 –50 3 45±4 135 40 30±9.5 

50–100 7 73±18 513 260 51±23 

>100 5 179±70 895 614 69±50 

*Events occurred during dry months 
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Supporting Figure 5.1 View of 
the compound sharp-crested V-
notch weir used for measuring 
discharge at the outlet of the 
Manobo catchment. Inset: view 
of rising-stage sample bottle 
rack. Photography by J. Zhang. 

 

 

Supporting Figure 5.2 Relations between 5-min observed (Qobs) and median simulated 
(Qsim) streamflow for the 25 best parameter sets for the (a) pre- and (b) post-Haiyan periods 

using the HBV- model. (c) and (d) Idem for daily values. 
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Supporting Figure 5.3 Time series of (a) hourly precipitation intensity; (b) volumetric soil 
water content (%) at different depths; and (c) depths of shallow groundwater table (cm below 
the soil surface) at 5-min intervals for piezometer site G3. Porosity values for the Ap-, AB- 
and Bw-horizons are indicated by dashed lines (cf. Chapter 2). 
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Supporting Figure 5.4 Seepage from 
the streambank at the contact between 
subsoil and (weathered) rock in the 
Manobo catchment along with 
macropores that could facilitate pipe 
flow during large events. Photograph 
taken by Jun Zhang (5 November 
2013). 

 

 

 

  

  

 

 

 

Supporting Figure 5.5 Relationships 
between event rainfall P (  5 mm) and 
stormflow amount Qq (mm) for the 
Basper grassland and Manobo reforest 
catchments before disturbance by 
typhoon Haiyan. SEE = standard error 
of the estimate. 
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Supporting Figure 5.6 Long-term rainfall at Tacloban Airport (1977–2011): (a) Seven-year 
averages of annual rainfall; (b) seven-year averages of the number of dry months with < 100 
mm of rain each. Source: PAGASA Office, Tacloban City, Leyte, The Philippines. 
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Chapter 6 

Effects of reforestation of a degraded Imperata grassland on dominant 

flow pathways and streamflow responses5 

 

ABSTRACT: Reforesting degraded land can increase soil permeability and the number of 

macropores, suggesting this may also change the dominant runoff generation mechanism. 

However, it is not clear to what extent these changes affect the hydrological response for 

different event sizes. Therefore, the responses of two small catchments with perennial flow 

near Tacloban (Leyte, the Philippines) were compared: one a degraded Imperata grassland 

micro-catchment (Basper, 3.2 ha), the other a catchment that had been reforested 23 years 

previously (Manobo, 8.75 ha). The two catchments had the same rock- and soil type. 

Precipitation, stream stage and electrical conductivity (EC) were measured continuously from 

June until November 2013 when the area was struck by typhoon Haiyan. Samples were taken 

from streamflow, precipitation, groundwater and soil water for geochemical and stable 

isotope analysis. The response of the degraded grassland was much more flashy and rapid 

than that of the reforest. Both streamflow and EC changed rapidly during almost every 

rainfall event in the grassland, but streamflow and EC responses of the reforest were much 

smaller and only occurred during larger events. Changes in stream chemistry and isotopic 

composition during stormflow conditions were also larger in the grassland. EC-based 

minimum pre-event water contributions to streamflow were much smaller for the grassland 

than for the reforest (medians of 26 and 81%, respectively) and suggested that overland flow 

occurred frequently and was much more widespread in the grassland. These differences in 

response were observed for all event sizes, including a major tropical storm event. The results 

indicate that the dominant flow pathways during rainfall have changed after reforestation 

from an overland flow dominated response in the grassland to a subsurface flow dominated 

response in the reforestation. The findings also demonstrate that successful reforestation can 

restore the hydrological functioning of degraded land, provided the soil is allowed to recover 

over a sufficiently long period. 

This chapter is based on van Meerveld HJ, Zhang J, Tipoli R, Bruijnzeel LA. 2018. Effects  of reforestation of 
a degraded Imperata grassland on dominant flow pathways and streamflow responses in Leyte, the Philippines. 
Submitted to Water Resources Research.
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6.1 INTRODUCTION 

   Swidden cultivation can be a sustainable agricultural practice (Brady, 1996), but when 

fallow periods become critically shortened due to increased population pressure, the repeated 

fire can lead to unproductive fire-climax grasslands dominated by Imperata and Saccharum. 

Garrity et al. (1997) estimated that the total area under Imperata grassland in South- and 

South-east Asia alone was about 35 million ha in the early 1990s, but also noted that this was 

likely an underestimation because their survey only included larger tracts of grassland. 

Imperata grasslands can have poor soil physical characteristics, such as low infiltration 

capacity, especially when grazed (Snelder, 2001a) and surface runoff on degraded grasslands 

often causes severe erosion, which together with increased landsliding leads to water quality 

problems (White, 1996; Trustrum et al., 1999). Restoration and reforestation programmes 

therefore often target these degraded grasslands (Lamb, 2014). In the Philippines, Imperata 

grasslands are known as cogon and covered more than 6.5 million ha in 1990, of which two-

thirds were considered to suffer moderate to severe erosion (Concepcion and Samar, 1995). 

Partly in response to such problems, the ‘National Greening Program’ of the Philippines 

aimed to plant 1.5 billion trees on 1.5 million ha of degraded land (much of it under cogon 

and shrub) as of  2011 in six years (Aquino and Daquio, 2014). However, the hydrological 

impacts of reforesting degraded land remain understudied in the tropics and are largely 

undocumented (Scott et al., 2005). Understanding how runoff generation mechanisms and 

streamflow responses change after reforesting degraded land is important to understand the 

downstream impacts of large-scale reforestation projects (Trimble et al., 1987; Zhou et al., 

2010; Liu et al., 2014). In places like the Philippines, where tropical storms and typhoons are 

common, it is particularly important to study how reforestation affects runoff processes for 

very large events because nearly a third of all precipitation is derived from typhoons (Cinco 

et al., 2016), and their intensity is expected to increase in the future (Balaguru et al., 2016).  

   Changes in land-cover can have large impacts on water resources and numerous paired 

catchment studies across the globe have shown that forestation typically results in decreases 

in annual water yield and dry-season flows due to increased evaporative losses, whereas 

forest clearing typically results in increased flows.  In global analyses of experimental results, 

Jackson et al. (2005) and Farley et al. (2005) showed that forestation of grass- and shrublands 

decreased streamflow (mostly baseflow) on average by 180 mm yr-1 or 38%. However, these 

data-sets included few tropical sites, and results from temperate forests are not necessarily 

transferable to the tropics, where soils are different and rainfall more intense (Bonell et al., 
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2005; Wohl et al., 2012). Furthermore, degraded sites – where the dominant hydrological 

processes likely differ from those in controlled experiments (Bruijnzeel, 1989; Malmer et al., 

2010) – were not included in these global analyses. When soils are not disturbed much, the 

relative effects of forest removal tend to decrease as event precipitation increases, and are 

often not detectable for the most extreme events (Hewlett, 1982; Hsia, 1987; Beschta et al., 

2000; Levy et al., 2018) because the relative size of the soil water storage capacity becomes 

smaller as rainfall amounts increase (Scott et al., 2005). This is particularly the case for sites 

with shallow soils (Birkinshaw et al., 2011; Poca et al., 2018). However, land degradation 

typically results in decreased rainfall infiltration because declines in organic matter, exposure 

to raindrop impact, surface sealing, and compaction by cattle or machinery lead to fewer 

large pores and less ‘preferential’ flow (Lal, 1996; Deuchars et al., 1999; Shougrakpam et al., 

2010). This causes a sharply reduced surface field-saturated hydraulic conductivity (Martinez 

and Zinck, 2004; Ziegler et al., 2006; Zimmermann et al., 2010; cf. Chapter 2) and 

concurrent increases in overland flow and storm runoff (Chandler and Walter, 1998; Zhou et 

al., 2002; Molina et al., 2007; Krishnaswamy et al., 2012; Ghimire et al., 2013; Toohey et al., 

2018). Advanced surface degradation may cause such large changes in near-surface flow 

pathways and runoff response that the difference with non-degraded situations may persist 

across the runoff spectrum (Scott et al., 2005; Lana-Renault et al., 2014; cf. Mathys et al., 

1996). In extreme cases, this may lead to reduced groundwater recharge and, ultimately, 

declined dry-season streamflow (Bruijnzeel, 2004; Recha et al., 2012; Krishnaswamy et al., 

2012). On the other hand, natural regrowth or reforestation of degraded land may restore 

near-surface hydraulic conductivity and soil hydrological functioning possibly within one to 

two decades (Ziegler et al., 2004; Bonell et al., 2010; Zimmermann et al., 2010; Hassler et 

al., 2011;  Zwartendijk et al., 2017), suggesting that surface runoff can be reduced and 

become less widespread again during forest maturation (Chandler and Walter, 1998; Zhou et 

al., 2002; Krishnaswamy et al., 2012). However, actual flow pathways and infiltration rates 

likely differ from those inferred from point-scale hydraulic conductivity measurements 

(Sherlock et al., 1996; Sherlock et al., 2000; Chappell and Sherlock, 2005; Vigiak et al., 

2006) because of surface sealing (Rao et al., 1998), and macroporosity effects (Chappell et 

al., 1998; Sarkar et al., 2008; Chappell, 2010). 

   Isotope-based hydrograph separation can be used to determine the contribution of event 

water (‘new’ water: overland flow and precipitation) and pre-event water (‘old’ water already 

present: groundwater and soil water) to the stream (Buttle, 1994; Klaus and McDonnell, 
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2013). Isotope hydrograph separations are widely used to study runoff generation 

mechanisms in temperate forested catchments but have remained underutilized in the tropics 

(Buttle and McDonnell, 2005; Liu et al., 2009; Muñoz-Villers and McDonnell, 2013). Using 

stable isotopes in South-west China, Liu et al. (2009) showed that overland flow was much 

more widespread in a rubber plantation than in a nearby rainforest. Similarly, in a heavily 

grazed montane pasture catchment in Eastern Mexico, event-water contributions were much 

larger than for a nearby forested catchment during the largest monitored event (with a return 

period of 2 yr), indicating significantly more surface runoff in the grazed catchment (Muñoz-

Villers and McDonnell, 2013). Alternatively, several recent studies have shown that, despite 

not being a fully conservative tracer, Electrical Conductivity (EC) can also be useful for 

hydrograph separation (Robinson et al., 2008; Inserillo et al., 2017), although there can be 

significant differences between EC- and isotope-based hydrograph separation results for 

specific events (Litt et al., 2015; Penna et al., 2015). Chemical tracer-based hydrograph 

separation and End Member Mixing Analysis (EMMA) can be used to determine 

contributions of different source waters to the stream channel as well (Hooper, 1990; 

Barthold and Woods, 2015) and have been used in multiple tropical studies (e.g., Bruijnzeel, 

1983b; Elsenbeer et al., 1995; Elsenbeer and Lack, 1996; Kurtz et al., 2011; Hugenschmidt et 

al., 2014; Scholl et al., 2015). For instance, a hydrochemical study of two ephemeral streams 

in South-western Amazonia showed that throughfall (79%), groundwater (18%) and shallow 

soil water (3%) were the dominant streamflow components in an old-growth forest micro-

catchment during times of rainfall, while that in a pasture consisted of surface runoff (66%), 

groundwater (35%) and some soil water (5%) (Chaves et al., 2008). Isotope and silica data 

from southern Brazil suggested that streamflow during rain in a forested catchment consisted 

mainly of rapid subsurface flow through macropores, while flows from an agricultural 

catchment were mostly due to surface runoff (Robinet et al., in press).  

   While these previous isotope and geochemical results suggest that surface runoff is more 

widespread in tropical agricultural or pasture settings than in forested catchments, they 

cannot be used directly to infer the hydrological effects of reforesting degraded fire-climax 

grasslands. Therefore, this study compares the runoff response of a semi-mature reforestation 

(Manobo site) with that of a degraded Imperata grassland micro-catchment (Basper site) on 

the island of Leyte (Philippines) to determine: (i) the effect of reforestation on the magnitude 

of runoff response, dominant flow pathways and amounts of pre-event water in stormflow, 

and (ii) how these are affected by event size. 
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6.2 STUDY SITES 

   To study the effects of reforestation of degraded Imperata grassland on dominant runoff 

pathways and streamflow response, two small headwater catchments near Tacloban, NE 

Leyte, the Philippines were instrumented (Figure 6.1) using a space-for-time substitution 

approach. The Basper catchment is a 3.20 ha degraded grassland catchment (11°15' N and 

124°57' E). Vegetation consists of cogon grass (Imperata cylindrica), mixed with sedges 

(Cyperus sp.) in poorly-drained areas and mixed with shrubs (<1.5 m high; mostly 

Melastoma malabathricum and Chromolaena odorata) on mid-slope sites. Shrubs and small 

trees (2–3 m high; mostly Neonauclea lanceolata and Leukosyke capitella and a few remnant 

planted Acacia mangium) are common along the stream, covering ~14% of the catchment 

area. Landslide scars are also common and covered ~3.4% of the catchment area (Chapter 3).  

   In the 8.75 ha Manobo catchment (11°17´N, 124°56´E), reforestation of the degraded 

grassland started in 1990 when the Manobo tribe relocated to the area. First Gmelina arborea 

and mahogany (Swietenia macrophylla) trees as well as coconut palms (Cocos nucifera) were 

planted to shade out the Imperata grasses, after which other plants and trees, including 

almond, papaya, banana, and medicinally useful plants and rattans were planted (U. Padecio, 

personal communication). At the time of the measurements the forest consisted of a mixture 

of planted trees and naturally regenerating species. An 1850 m2 plot in the catchment 

contained more than 50 different tree species. Average canopy height was 7.3 m and the basal 

area 15 m2 ha-1. The average Leaf Area Index (measured 12 times at 24 sampling locations 

before Typhoon Haiyan damaged the canopy in November 2013) on a mid-slope plot was 5.1 

± 0.65. Average interception loss prior to canopy damage was 18% (Chapter 4). 

   The space-for-time substitution approach used here assumed that the two catchments had a 

similar runoff response prior to reforestation of the Manobo grassland. The two catchments 

were located only 3.5 km from each other (Figure 6.1a), had a similar elevation range (50–

135 m a.s.l for Basper and 33–200 m a.s.l for Manobo) and the same soil type and geology, 

and were exposed to the same climatic conditions, suggesting that hydrological processes in 

the two catchments were originally very similar.  

   The climate is tropical ever-wet (Köppen-type Af). Monthly average temperatures vary 

between 25.7 °C in January and 28.1 °C in May (measured at Tacloban Airport between 1977 

and 2011; PAGASA Office, Tacloban). Annual precipitation at Tacloban Airport varied 

between 1435 and 4790 mm for the 1977-2011 period and averaged 2660 mm. Average 
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monthly precipitation is highest in December and January (average monthly precipitation of 

378 and 323 mm, respectively) and lowest in April and May (127 and 147 mm, respectively). 

This study focuses on the period between 12 June and 7 November 2013, rather than a full 

year because typhoon Haiyan caused widespread destruction of vegetation in both catchments 

and severe landsliding at Basper on 8 November 2013 (Chapters 3–5). Total precipitation 

during the study period was 1028 mm in Basper and 1004 mm in Manobo; average 

precipitation at Tacloban airport for the June-October period is 950 mm. The median five-min 

rainfall intensity for the June–November 2013 period was 3.0 mm hr-1 for both catchments 

(90th percentiles: 18 and 24 mm hr-1 for Manobo and Basper, respectively). 

   Soils in both catchments are Eutric Cambisols with a clay loam texture that grades into 

sandy clay loam below 0.9 m depth (Chapter 2). Both catchments are underlain by mafic 

bedrock (gabbro). Field measurements using a constant-head permeameter suggested large 

differences in saturated soil hydraulic conductivity Ksat between land covers. The median Ksat 

at 20 cm was 2.9 mm hr-1 for the Basper grassland (n = 17) and 59 mm hr-1 for the Manobo 

reforest (n = 18) with inter-quartile ranges of 0.8–6.6 mm hr-1 at Basper and 32–114 mm hr-1 

at Manobo. In addition, median surface Ksat at Basper (measured by double-ring 

infiltrometer) was equally low at 2.1 mm h-1 (n = 13), whereas the median surface Ksat 

(measured on small cores in the laboratory) for the reforest was much higher (368 mm h-1; n 

= 27). These differences suggest that overland flow (both infiltration-excess and saturated 

overland flow) is much more likely to occur at Basper than at Manobo (Chapter 2). Further 

details on soil characteristics are given in Chapter 2. 
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Figure 6.1 Maps of (a) the Basper grassland micro-catchment and (b) the Manobo reforest 
catchment showing drainage lines, contour lines (10 m interval) and locations of soil profiles, 
Amoozemeter measurements, and basic hydrological instrumentation. 

6.3 METHODS 

6.3.1 Field measurements 

   Precipitation was measured at two locations in each catchment using recording tipping 

bucket rain gauges (Onset Computer Corporation, USA connected to HOBO Pendant event 

data-loggers; 0.25 mm resolution). One gauge was located in an open area near the outlet of 

each catchment and the other near the ridge (Figures 6.1b-c). Daily precipitation 

measurements with a 100 cm2 manual rain gauge placed next to the lower recording gauges 

were used as a check of the latter. All rain gauges were placed ~ 1 m above the soil surface. 

For the analyses we used the average precipitation of the two recording gauges for each site. 

We did not correct precipitation amounts for wind-related catch errors because wind speeds 

were generally low (median value of 1.2 m s-1 at the Basper ridge site). Sequential rainfall 

samplers (Kennedy et al., 1979) installed near the lower rain gauges were used to obtain 

samples of the rain in 8 mm increments. 
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   Water levels were measured behind sharp-crested compound weirs at 5-min intervals using 

HOBO U20 loggers (Onset Computer Corporation, USA). The atmospheric pressure was 

measured in a nearby hut in each catchment using HOBO U20 loggers as well. Volumetric 

(bucket and stopwatch) and current-meter measurements (Price Type AA current meter) were 

used to check the validity of the stage-discharge equations for the two weirs. For water levels 

above the V-notch, the Bergmann compound weir equation (as given in USBR, 1997) was 

used. The water level was higher than the V-notch for 0.12% of the total time (representing 

21% of the total flow) at Basper versus 0.13% (18% of the total flow) at Manobo. 

   The Electrical Conductivity (EC) of the stream water was measured using a HOBO U24 

logger installed behind each weir. The data from the loggers were regularly checked against 

manual EC measurements using a CyberScan PC300 pH/Conductivity/TDS Meter (ENVCO, 

Australia). Stream samples were collected using U59 single stage samplers (i.e. bottles with a 

siphon-shaped air exhaust; Colby, 1961; Schick, 1967) installed at different heights behind 

the weirs. Bottles were replaced after events. During some events, manual samples were 

taken using clean 500 ml polyethylene sampling bottles.  

   Ceramic-cup suction lysimeters were installed at 20 and 55 cm below the soil surface at 

foot-, mid- and upper slope locations in the Basper catchment (sites G1, S2 and S1) and at 

lower and mid-slope locations at Manobo (sites G3 and S3). A suction of 600 hPa was 

applied. Soil water samples were taken regularly and the sample closest to an event was used 

to represent the soil water composition during the event. Groundwater samples were taken 

from piezometers installed at the same locations as the suction lysimeters in both catchments 

(Figure 6.1). However, for most events, groundwater samples were available only for the 

foot-slope piezometers. 

   All water samples were filtered at Visayas State University using Millipore 0.45 μm filters. 

The samples were analysed for the stable water isotopes (18O and 2H) using laser 

spectroscopy at the Global Institute for Water Security at the University of Saskatchewan, 

Canada and using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) for 

base chemistry at the Water Laboratory of the VU University Amsterdam, The Netherlands.  
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6.3.2 Data analysis 

6.3.2.1 Streamflow characteristics during the study period 

   To compare streamflow characteristics for the two catchments without introducing a bias 

due to different periods of missing data, only days for which complete streamflow data were 

available for both catchments were included (i.e. 127 days out of the 149 day period between 

12 June and 7 November 2013, or 85%). Total precipitation during these days was 842 mm 

for Manobo and 915 mm for Basper, representing 84 and 89% of the respective rainfall totals 

of 1004 mm and 1028 mm for the entire study period. For the matching time periods, several 

streamflow characteristics were calculated describing the magnitude of the streamflow, such 

as the total amount of streamflow, the mean, median and maximum streamflow, as well as the 

variability in streamflow, such as flood pulse counts (i.e. the number of times that streamflow 

increased and was higher than three times the median flow or higher than the 75th percentile 

of flow), the slope of the flow duration curve between the 33rd and 66th percentile of flow 

(Olden and Poff, 2003), and the Richard-Baker Flashiness index (Baker et al., 2004). A 

master recession curve was constructed for each catchment using the matching strip 

technique (Toebes and Strang, 1964) and an exponential curve was fitted through the lowest 

points to determine the master recession constant (Nathan and McMahon, 2010). All 

streamflow characteristics were based on 5-min data, except for the high flood pulse counts, 

the number of significant streamflow increases, the fraction of time that streamflow increased 

significantly, the Richard-Baker flashiness index, the percentage of time on the rising limb 

and the master recession constants, which were based on hourly averaged data to minimize 

the effect of noise in the 5-min data.  

6.3.2.2 Event characteristics 

   All events larger than 5 mm that were preceded by at least 6 h without precipitation and that 

resulted in a clear storm hydrograph were included in the analyses. To determine the amount 

of stormflow for each event, the straight-line separation method was used (Hewlett and 

Hibbert, 1967). The start of the event was defined as the first time step that streamflow 

increased after the start of precipitation, while the end of the event was defined as the time 

that stormflow ended or the start of the next event. If an event was followed by another event 

within 6 h, the next event was only counted as a separate event if stormflow was less than 5% 

of the total measured flow at the start of the next event. Otherwise, the two events were 
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analysed together. These event selection criteria resulted in 35 events for the Manobo reforest 

and 40 events for the Basper grassland. 

   For each event, several characteristics were determined using the 5-min precipitation and 

streamflow data, such as the total amount of stormflow, the storm runoff ratio, the lag time 

between peak precipitation intensity and peak streamflow (peak lag time), and the lag time 

between the centroids of precipitation and stormflow (centroid lag time). The storm runoff 

ratio was determined by dividing total event stormflow amount by event precipitation. Note 

that this straight-line based determination of stormflow amounts and the resulting runoff 

ratios differ from the isotope-based event-water contributions to streamflow described below.  

   The Mann-Whitney U-test and a significance level of 0.05 were applied to determine 

whether median event characteristics differed significantly between the two catchments. 

6.3.3 Hydrograph separation and mixing plots 

   To determine whether differences in streamflow amount and timing were caused by 

differences in flow pathways and runoff generation mechanisms, isotope-based hydrograph 

separation was used for two events for which good isotope data were available for both 

catchments. The fraction of pre-event water for each time step was determined, according to: 

                                                                                          (Eq. 6-1) 

   where fp is the fraction of pre-event water in streamflow, Cs is the concentration (here δ2H 

or EC) of streamflow, Ce is the concentration of the event water and Cp is the concentration of 

the sample taken before the event, which was assumed to represent the pre-event water 

composition. In doing so, the incremental weighted mean of the precipitation was used 

(McDonnell et al., 1990) to characterize event-water composition. Next, the pre-event water 

fractions were interpolated linearly for the different sampling times and multiplied times 

streamflow amount to obtain the pre-event water contributions during the event. The average 

pre-event water contribution to streamflow was calculated as the ratio of the sum of pre-event 

water and the sum of total streamflow. The minimum pre-event water contribution for the 

event (coinciding with the timing of maximum contribution of event-water) was also 

determined.  

   The two matching events for which good isotope data allowed isotope-based hydrograph 

separations were the event of 27 July 2013 (bringing ~50 mm of precipitation to both 

catchments) and tropical storm Rumbia (locally known as tropical storm Gorio, delivering 
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150–175 mm of precipitation on 28–29 June 2013). The latter event was the largest during 

the study period. Between 1977 and 2011, there were 21 events with more than 150 mm of 

precipitation in one day at Tacloban airport (daily precipitation was larger than 160 mm for 

only 10 days). Detailed chemical data were available for these two events and for the 43–47 

mm event occurring on 21 June 2013 (for which good precipitation isotope data were not 

available) and mixing diagrams were used to visually determine the relative contributions of 

groundwater, soil water and precipitation to streamflow during these events. End Member 

Mixing Analysis (EMMA; Hooper, 1990) was used to explore the relative contributions of 

soil water, groundwater and precipitation (or throughfall) for the these events. Unfortunately, 

for all three events, calculated fractions of groundwater contributions at the time of the lowest 

stream water concentrations at Basper were negative, which is physically impossible. This 

was also the case for two samples taken during the peak of tropical storm Rumbia for the 

Manobo catchment. 

   In addition, changes in stream water EC as observed during all storm events were analyzed 

and used to obtain an estimate of the minimum pre-event water contribution to streamflow for 

almost all events (no EC data were available for one event in Manobo and two events in 

Basper). Because rainfall EC data were not available for each individual event, an average 

EC of 8 µS cm-1 was used in the computations for all events (range: 3–20 µS cm-1; EC < 10 

µS cm-1 for all 18 but two samples). 

6.4 RESULTS 

6.4.1 Streamflow response 

   Even though total precipitation during the study period was 8% higher for the Basper 

catchment compared to the Manobo catchment (Table 6.1), there were no statistically 

significant differences in  median event size or event average rainfall intensity for the two 

catchments (Table 6.2).  
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Table 6.1 Streamflow characteristics for the Manobo and Basper catchments for the 127 days 
between 12 June and 7 November 2013 for which streamflow data were available for both 
catchments (127 days out of the 149-day period). 

    Manobo Basper 
  Total precipitation (mm) 842 915 

M
ag

ni
tu

de
 

Total streamflow (mm) 244 391 
Runoff coefficient (%) 29 43 
Mean flow (mm h-1) 0.08 0.13 
Median flow (mm h-1) 0.01 0.05 
Maximum flow (mm h-1) 14 26 

Va
ria

bi
lit

y 

Ratio of mean and median flow (-) 7.2 2.8 
Coefficient of variation (-) 6 5.6 
Ratio of the difference between the 75th and 25th percentile of flow 
and the median flow (-) 

2.99 1.86 

Slope of the flow duration curve between the 66th and 33rd percentile 
(-) 

0.05 0.18 

Flood pulse count (>75 th percentile) (-) 17 36 
Flood pulse count (>3x median flow) (-) 21 37 
Number of streamflow increases >10% and 0.1 mm hr-1 (with more 
than 2 hours of no increase prior to the increase) (-) 

10 32 

Percentage of time on fast rising limb (fraction of time where flow is 
higher than in the previous hour by at least 10% and 0.1 mm h-1) (%) 

0.6 1.6 

R-B flashiness index 0.16 0.47 
  Recession constant (h-1) 0.012 0.008 

Streamflow responses for the Manobo and Basper catchments were very different (Figure 

6.2). Streamflow at Basper was much more variable and increased in response to almost 

every precipitation event, whereas streamflow at Manobo only responded significantly to the 

largest events (Figure 6.2). This is reflected in the higher flood pulse counts,  larger number 

of flow increases,  higher flashiness index and  longer time on the rising limb obtained for the 

Basper grassland compared to the reforested catchment (Table 6.1). Peak flows as well as 

mean and median flows were also much higher for the grassland than for the reforestation 

(Table 6.1). The double-mass curves were also very different for the two catchments (Figure 

6.2). At Basper, cumulative streamflow increased almost linearly with cumulative 

precipitation, while the curve for Manobo was much more step-like, reflecting the more 

delayed response (e.g. the large increase in cumulative streamflow after the major increase in 

precipitation during tropical storm Rumbia in late June) and the many rainfall events that did 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 210PDF page: 210PDF page: 210PDF page: 210

Chapter 6. Reforestation and runoff pathways 

not produce significant streamflow response (e.g. the flat part of the curve for the month of 

July, for which the runoff ratio was 16% compared to 47% for the Basper catchment). 

Table 6.2 The median (and mean), range (min-max) and relative frequency distribution of the 
event characteristics for the Manobo (lower box plots in green) and Basper (upper box plots 
in orange) catchments, as well as the Mann-Whitney ranked sum test p-values. The box 
represents the 25th and 75th percentiles, the solid line the median, the dashed line the mean, 
the whiskers the 10th and 90th percentiles, and the dots are outliers. 

 

Manobo Basper p-value

Number of events 35 40
11.3 (18.5) 11.6 (18.6)

5.3-174 4.1-154

2.7 (3.3) 3.6 (3.9)
0.5-6.3 0.5-8.4

0.09 (3.5) 1.7 (5.0)
0.002-80 0.01-76

0.5 (6.8) 12.5 (15.0)
0.04-46 0.17-50

0.01 (0.06) 0.20 (0.53)
0.0007-1.18 0.0009-2.13

20 (39) 10 (11)
0-270 0-60

50 (130) 25 (34)
10-485 5-90

51 (77) 187 (162)
11-199 20-282

Lag time between centroid of rainfall and 
centroid of stormflow (min)

0.006

Change in EC during the event (µS cm-1) <0.001

Peak streamflow (mm 5-min-1) <0.001

Lag time between peak rainfall intensity 
and peak streamflow (min)

0.001

Total stormflow (mm) 0.006

Runoff ratio (%) <0.001

Relative frequency 
distribution

Event size (mm) 0.996

Maximum rainfall intensity (mm 5-min-1) 0.222
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Figure 6.2 Time series of hourly and cumulative rainfall (a-b) and 5-min streamflow and EC 
of stream water (c-d) for the Manobo (a, c; left) and Basper catchments (b, d; right) for the 
period between 10 June and 10 August 2013. 

 

 

 

Figure 6.3 Double-mass 
curve of precipitation 
versus streamflow for the 
days with data for the 
Manobo and Basper 
catchments. Thy symbols 
indicate the values on the 
first of July, August, 
September, October, and 
November 2013. 
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   Event stormflow amount increased with event precipitation for both catchments (Figure 

6.4). There appears to be a threshold at ~10 mm of precipitation for both catchments but due 

to a lack of data for small events and the big influence of tropical storm Rumbia, it was 

difficult to define the threshold exactly. The slope of the relation between event stormflow 

and precipitation for events below the threshold was much larger for the Basper catchment 

than the Manobo catchment (0.054 versus 0.006), but the correlation between the two 

variables below the threshold was very low (R2 < 0.1) and not significant. The corresponding 

slopes after the threshold also differed between the two catchments (0.41 and 0.20 for Basper 

and Manobo, respectively, when excluding the Rumbia event; but 0.51 and 0.48 when 

including the tropical storm). Similar to the overall storm runoff ratios for the study period 

(Table 6.1), the median event-based runoff ratios were much larger for the grassland 

catchment than for the reforested catchment (Table 6.2).  

 

Figure 6.4 Event total stormflow (a) and storm runoff ratio (b) as a function of event total 
precipitation for the Manobo (green circles) and Basper (orange triangles) catchments. The 
stormflow amount and storm runoff ratio were based on the straight-line hydrograph 
separation method. Note the break in the x-axis between 60 and 160 mm of precipitation and 
the total amount of stormflow between 25 and 60 mm in order to be able to show all events in 
the same graph.  

   Streamflow responses were not only larger for the Basper catchment, they were also 

significantly faster. The median lag time between peak rainfall intensity and peak streamflow 

was only ~10 min at Basper, significantly shorter than the 20 min for the Manobo catchment 

(but note the large uncertainty because the data were recorded at 5-min intervals). The 
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difference in median lag times between the centroids of precipitation and stormflow was also 

a factor of two, although the differences in average centroid lag times were much larger (23 

min for Basper versus 130 min for Manobo; Table 6.2). On the other hand, the master 

recession constant was larger for the Manobo catchment (Table 6.1), suggesting that low 

flows in the reforested catchment decreased faster than in the grassland catchment.  

6.4.2 Isotope-based hydrograph separations and mixing diagrams 

   The streamflow responses to the precipitation event of 27 July 2013 (~50 mm of 

precipitation) were very different for the two catchments (Figure 6.5). Streamflow in the 

Basper grassland increased from 0.004 mm 5-min-1 to 2 mm 5-min-1 within 75 min. The peak 

lag time was only 15 min and the centroid lag time was 10 min. Streamflow in the Manobo 

reforestation changed from a low 0.0003 mm 5-min-1 to 0.039 mm hr-1; peak and centroid lag 

times were 10 min and 3 h 35 min, respectively. Storm runoff ratios for this event were 36% 

at Basper and 3% at Manobo. The isotope-based hydrograph separation result for this event 

suggested average pre-event water contributions to streamflow of 19% for Basper and 65% 

for Manobo. Corresponding minimum pre-event water contributions were 3 and 20% for 

Basper and Manobo, respectively, implying maximum ‘new’ water contributions of 97 and 

80%, respectively. However, the results are somewhat uncertain, particularly for the Basper 

case, because of a lack of samples during peak flow conditions and the rapidly changing 

isotopic composition of precipitation and streamflow. Furthermore, one rising limb sample 

was more depleted isotopically than any of the precipitation samples until that time and was 

excluded from the calculations. EC-based hydrograph separations suggested average pre-

event water fractions of 19 and 73% for Basper and Manobo, respectively, while the 

corresponding minimum pre-event water fractions were 5 and 36%. Using the higher average 

EC of throughfall (52 µS cm-1; n=6) instead of that for precipitation (8 µS cm-1) gave average 

and minimum EC-based pre-event water contributions at Manobo of 69 and 25%, 

respectively. 

   During tropical storm Rumbia, streamflow increased significantly at both locations (Figure 

6.6). Peak flow rates were higher than the V-notch weir and are thus somewhat uncertain 

(because of the lack of discharge data at high flow rates) but were significantly different 

between catchments (2.1 mm 5-min-1 for Basper versus 1.2 mm 5-min-1 for Manobo). This 

time, streamflow peaked within 5 min of the peak rainfall intensity for both catchments. The 

centroid lag time was longer for the reforested catchment than for the grassland catchment (2 
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h 40 min versus 1 h 25 min). However, the storm runoff ratios were comparable at ~49 and 

~46% for the Basper and Manobo catchment, respectively, also in view of the somewhat 

uncertain high flows and possible under-catch of rainfall during this tropical storm. The 

averaged pre-event water contributions to streamflow were also very different: 53% at Basper 

versus 77% at Manobo while corresponding minimum pre-event water contributions were 

24% for Basper and 55% for Manobo. The EC-based average and minimum pre-event water 

contributions were 24 and 4% for Basper, and 50 and 31 % for Manobo, respectively (and 41 

and 18%, respectively, when using throughfall EC instead of precipitation EC).  

   Changes in the concentrations of silica, calcium, magnesium and most other ions during 

these two events were similar to those in EC (Figures 6.5c-d and Figures 6.6c-d). Soil water 

concentrations were highly variable, but the mixing plots clearly indicated that stream water 

was largely a combination of groundwater and precipitation and some soil water. The relative 

contribution of precipitation was reflected more in the chemistry of the stormflow at Basper 

than at Manobo (Figure 6.7). The mixing diagram results for the event of 21 June 2013 were 

similar to those for the other events (Figures 6.7a-b), and again indicated that streamflow was 

a mixture of precipitation and groundwater at both sites. End Member Mixing Analysis 

calculations were not possible for all samples collected during the events, but they did 

suggest that groundwater contributions to streamflow declined (and precipitation 

contributions increased) during the events. Soil water contributions remained relatively stable 

during the events (10–26% for Basper and 12–30% for Manobo). End Member Mixing 

Analyses were not possible for any of the peak flow samples taken at the Basper grassland 

(producing negative groundwater contributions and precipitation contributions >100%), but 

for the reforested Manobo catchment, inferred maximum precipitation contributions to 

streamflow were 74% (21 June event) and 80% (27 July event). Calculations for the peak 

flow samples collected at Manobo during tropical storm Rumbia also produced negative 

groundwater contributions and physically impossible precipitation contributions.  
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Figure 6.5 Hourly and cumulative precipitation and the isotopic composition of precipitation 
(deuterium) (a-b), 5-min streamflow and EC data, and silica and calcium concentrations (c-
d), isotopic composition (deuterium) of stream water and the deuterium-based pre-event 
water contribution to streamflow (e-f) during the 27 July 2013 event for the Manobo (left; a, 
c, e) and Basper catchments (right; b, d, f). The streamflow when the weir overflowed is 
indicated by the light blue line. Figures c-d show streamflow on a linear scale, while figures 
e-f show streamflow on a log scale in order to better show the streamflow response at 
Manobo. 
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Figure 6.6 Hourly and cumulative precipitation and the isotopic composition of precipitation 
(deuterium) (a-b), 5-min streamflow and EC data, and silica and calcium concentrations (c-
d), and isotopic composition (deuterium) of stream water and the deuterium-based pre-event 
water contribution to streamflow (e-f) during the 28–29 June 2013 event (tropical storm 
Rumbia) for the Manobo (left; a, c, e) and Basper catchments (right; b, d, f). The streamflow 
when the weir overflowed is indicated by the light blue line. Figures c-d show streamflow on 
a linear scale, while figures e-f show streamflow on a log scale. 
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Figure 6.7 Mixing diagrams for the events of 21 and 27–28 June 2013 (upper row; a-b) and 
27 July 2013 (lower row; c-d) for the Manobo catchment (left column; a, c) and the Basper 
catchment (right column; b, d). The individual rainfall, throughfall (Manobo only), 
groundwater and soil water samples are indicated by open symbols. The filled symbol 
indicates the average; the error bars indicate the standard deviation of all precipitation, 
throughfall, soil water and groundwater samples when more than one sample was available. 
The streamflow samples are indicated by the blue circles.  

 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 218PDF page: 218PDF page: 218PDF page: 218

Chapter 6. Reforestation and runoff pathways 

6.4.3 EC-based hydrograph separations 

   The EC of stream water decreased much more and during many more events at Basper than 

at Manobo (Figure 6.2). There was also a significant difference in the median change in 

stream water EC during an event at the two locations (median change of 187 µS cm-1 for 38 

events in the Basper grassland versus 51 µS cm-1 for 34 events in the Manobo reforestation; 

Table 6.2). This large difference  resulted in major differences in the inferred EC-based 

minimum pre-event water fractions of streamflow for the two catchments: 26% for Basper, 

compared to 81% for Manobo (Figure 6.8). 

   The minimum pre-event water fraction during an event decreased rapidly with increasing 

event size for both catchments, but the change for events between 6–12 mm was much larger 

for the Basper catchment than for the Manobo catchment (Figure 6.9a). Similarly, the 

minimum pre-event water fraction decreased rapidly with rainfall intensity at Basper for 

maximum rainfall intensities larger than 2.0 mm 5-min-1 whereas at Manobo it did not change 

significantly until a rainfall intensity of 3.5 mm 5-min-1 was reached (Figure 6.9b). There was 

a significant decrease in minimum pre-event water contribution to streamflow for increasing 

antecedent streamflow in the Basper catchment (R2 = 0.39 for the power law relation), but 

there was no such correlation for the Manobo catchment. 

 

 

Figure 6.8 Boxplots of the 
minimum pre-event water 
contribution to streamflow 
based on the EC data for the 
analysed events at the Manobo 
catchment (n=34) and the 
Basper catchment (n=38). The 
box represents the inter-quartile 
range, the solid line the median, 
the dashed line the mean, the 
whiskers the 10th and 90th 
percentiles, and the symbols the 
outliers. The difference for the 
Manobo and Basper catchments 
is statistically significant (p < 
0.001) 
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Figure 6.9 Minimum pre-event water contribution during an event derived from the EC data 
as a function of event total precipitation (a) and the maximum 5-min precipitation intensity 
(b) for the Manobo (green circles) and Basper (orange triangles) catchments. Note the break 
in the x-axis between 50 and 150 mm of precipitation for figure a. 

6.5 DISCUSSION 

6.5.1 Runoff generation mechanisms in the Imperata grassland and reforestation 

catchments 

   The runoff responses were very different for the two catchments, indicating significant 

differences in the underlying runoff generation mechanisms. The storm runoff ratios for 

events smaller than ~10 mm were about 5% for Basper and 0.6% for the Manobo catchment. 

This suggests minimum contributing areas (Dickinson and Whiteley, 1970) that included the 

stream channel, near-stream zones and landslide slip surfaces for the Basper catchment, but 

only the channel network (and perhaps a small fraction of the riparian zone) for the Manobo 

catchment. Average runoff ratios for events larger than 8–12 mm were 41 and 20% for the 

Basper and Manobo catchment (~25% for Manobo when using net rainfall instead of gross 

rainfall), suggesting contributions from much larger fractions of the catchment for the 

grassland compared to the reforestation for all events, except tropical storm Rumbia.  

   The extremely rapid responses, the much larger changes in stream chemistry, and the lower 

pre-event water contributions derived for the Basper catchment compared to Manobo all 

suggest that surface runoff dominated streamflow in the grassland for most rainfall events (cf. 
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the inferences made in Chapter 2 based on the comparison of rainfall intensities and surface 

Ksat). The mixing diagrams showed that streamflow mainly consisted of a mixture of 

groundwater and rainfall (or throughfall in the case of Manobo), while contributions by soil 

water were smaller and rather stable at ~10–30% (Figure 6.7). The very low surface- and 

near-surface soil hydraulic conductivities measured at Basper (Chapter 2), along with 

shallow-groundwater observations (Chapter 3) suggest widespread infiltration-excess 

overland flow to be the dominant runoff mechanism, along with saturation overland flow on 

some parts of the hillslope. The rapid changes in stream stage and EC observed for almost all 

events (Figure 6.2) further suggest that surface runoff was generated during almost all rainfall 

events in the grassland. Conversely, in the reforested catchment, only large events led to a 

significant response and changes in stream water EC (Figure 6.2). Streamflow at Manobo 

barely responded to the 50 mm event of 27 July. The very low storm runoff ratio (3%) and 

relatively low average pre-event water fraction (65%) suggest a significant portion of the 

runoff during this event was generated from rain falling on the channel and riparian zone. At 

Basper, on the other hand, surface runoff must have been widespread, given the runoff ratio 

of 30% and the average pre-event water fraction of 19% (Figure 6.5). Runoff ratios for the 

largest event (tropical storm Rumbia) were almost equal between catchments (given the 

uncertainties in rainfall and streamflow measurements for this extreme event), but the 

differences in the timing of the centroid of the response, the magnitude of peak streamflow 

and pre-event water contributions all suggest that runoff processes were still very different, 

with surface runoff dominating at Basper and lateral subsurface flow at Manobo. Foot-slope 

groundwater levels during the event rose to 30 cm below the surface in the reforestation (cf. 

Supporting Figure 5.3), thereby activating any lateral macropores present (cf. Noguchi et al., 

1997; Schellekens et al., 2004; Cheng et al., 2017). No macropore flow samples were 

collected, but a sample of concentrated seepage in the streambank during the 27 July event 

had the same chemical signature as streamflow (i.e., a mixture of groundwater and 

throughfall). 

6.5.2 Effect of reforestation on runoff generation mechanisms 

   The comparative results of the space-for-time substitution strongly suggest that 

reforestation of the Manobo catchment has significantly improved soil hydraulic properties 

(Chapter 2), thereby significantly reducing amounts of surface runoff, so that streamflow 

increases at Manobo during rain are now much smaller, more delayed and only occur during 

large events (Figure 6.2). Streamflow at Manobo is still a mixture of groundwater and 
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precipitation (throughfall) but the fraction of precipitation is now much smaller (Figure 6.7). 

The results, therefore, suggest that reforestation can significantly change streamflow 

dynamics and dominant flow pathways for the better, provided the forest and soil are allowed 

to develop uninterrupted over a sufficiently long period (cf. Ghimire et al., 2014). García-

Ruiz et al. (2008) reported a similar difference in runoff response for catchments in the 

Pyrenees, where a highly degraded catchment responded to all rainfall events, and a forested 

catchment only to large rainfall events in the wet period. Zhou et al. (2002) and 

Krishnaswamy et al. (2012) showed major reductions in storm runoff response after 

reforesting bare land in South China and overgrazed degraded forest land in India, 

respectively. The results are also in agreement with previous hydrochemical studies (Chaves 

et al., 2008; Robinet et al., in press) and runoff plot studies (Chandler and Walter, 1998; 

Ghimire et al., 2013) that showed surface runoff to be much larger in grazed pastures or 

pasture fallows than in reforested sites.  

   The difference in size between the two catchments is probably not responsible for the very 

large differences in observed runoff responses. Neither catchment  had a significant riparian 

zone and hillslopes were steep. Both catchments are also much bigger than runoff plots for 

which the scale effect on surface runoff is often large, while research in drylands has shown 

that the effect of plot size on surface runoff is smallest for the most degraded sites (Moreno-

de las Heras et al., 2010; cf. Molina et al., 2007). The Basper catchment has more gullies and 

the mapped drainage density is higher (Figure 6.1), reflecting both the prevailing higher 

erosion rates (Chapter 3) and a greater visibility on aerial photographs in the absence of trees. 

The literature on the effect of catchment size on pre-event water contributions is unclear 

(Klaus and McDonnell, 2013). Litt et al. (2015) explained the higher pre-event water 

fractions inferred for a pasture catchment compared to forest in Panama by the smaller size of 

the pasture catchment (differences in hydrometric responses were much larger than those 

based on geochemical and isotope tracers). If this would be the case for the study catchments 

as well, this would mean that the difference in pre-event water fractions for the Basper and 

Manobo catchments would be even larger if they had the same size. 

The differences in the centroid lag time, pre-event water contributions, and peak flow rates 

for the two catchments during tropical storm Rumbia suggest that differences in runoff 

generation processes and responses persist, even for the largest events. This is different to the 

results for most paired catchment studies where soils were not degraded (e.g., Hewlett, 1982; 

Hsia, 1987; Levy et al., 2018) but is in line with results obtained in the Pyrenees (Lana-
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Renault et al., 2014) and South-east France (Mathys et al., 1996) for badland and reforested 

catchment responses during large events. The difference in runoff generation mechanisms 

between the Basper and Manobo catchments is reflected in their sediment production (much 

higher at Basper; Chapters 3 and 5). The streamflow response at Manobo during typhoon 

Haiyan (228 mm of rain within several hours on 8 November 2013) was not very different 

from that during tropical storm Rumbia, but streamflow at Basper was very much larger and 

the weir became completely buried by landslide sediment (Chapter 3). Such observations 

corroborate the contention that the runoff generation mechanisms at the two sites also differ 

for even larger events than those reported here. 

6.5.3 Effect of event size and rainfall intensity on pre-event water contributions 

   Even though EC is not a fully conservative tracer, the good correspondence between the 

isotope- and EC-based hydrograph separations for the two events for which good isotope data 

were available (Figures 6.5 and 6.6), suggests that the influence of the non-conservative 

behaviour of EC was small compared to the large differences in EC-based minimum pre-

event water contributions for the two catchments. A decrease in minimum pre-event water 

contribution to streamflow with increasing event size has been shown previously for other 

catchments (James and Roulet, 2009; Segura et al., 2012; Penna et al., 2015; Fischer et al., 

2017). However, some of these studies did not observe the power law relations between 

rainfall and pre-event water contributions obtained here (Figure 6.9a). For example, for very 

wet catchments with low-permeability clay soils in Switzerland, the relations between 

minimum pre-event water contribution and event precipitation were linear up to 84 mm of 

event precipitation (Fischer et al., 2017). Using EC- and isotope data in a more seasonally 

wet montane catchment in northern Italy, Penna et al. (2005) showed that the average and 

minimum pre-event water contributions decreased with event size according to a similar 

power law relation, but constant pre-event contributions were only reached for events > 25–

50 mm, much larger than the 6–12 mm threshold derived for the Basper catchment. Above 

all, the minimum and median minimum pre-event water contributions at Basper (4 and 26%, 

respectively) were much lower than corresponding values for these other study sites (Penna et 

al., 2015; Fischer et al., 2017).  

The minimum pre-event water contributions also decreased with rainfall intensity at both 

sites, but much more quickly and for lower intensities for the grassland than the reforestation 

(Figure 6.9b). This is likely due to the occurrence of overland flow at Basper, which is more 
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widespread during high-intensity events. In the very wet and responsive Babinda catchments 

in North-east Australia, pre-event water contributions were smaller for an event with high 

rainfall intensity than for an event with low rainfall intensity, because hillside saturated 

overland flow was much more widespread during the high intensity event (Elsenbeer et al., 

1995).. Fischer et al. (2017) showed for the wet and responsive Alptal catchments in 

Switzerland (where water tables are close to the surface) that minimum pre-event water 

contributions decreased linearly with rainfall intensity (but their maximum hourly rainfall 

intensity of 18 mm hr-1 was much lower than in this study). 

   Minimum pre-event water contributions also decreased with increasing antecedent wetness 

conditions for the Basper catchment, suggesting more widespread overland flow when soil 

storage capacity is lower. However, this effect was much smaller than the effect of event size, 

suggesting that the available storage is small and quickly filled by rainfall (cf. Chapter 3). 

Others have also shown pre-event water contributions to decrease as the catchment wets up 

(McGlynn and McDonnell, 2003; Litt et al., 2015). Conversely, antecedent conditions did not 

affect the minimum pre-event water contributions for the Manobo catchment. Fischer et al. 

(2017) found no correlation between pre-event water contributions and antecedent wetness 

conditions for the very wet Alptal catchments. However, several other studies have reported 

that event-water contributions to streamflow are high for dry antecedent conditions, while 

these contributions decrease as the catchment wets up (Jordan, 1994; James and Roulet, 

2009; Muñoz-Villers and McDonnell, 2013). This is generally attributed to the relatively 

large contribution of channel precipitation and surface runoff from near-stream areas during 

dry conditions and a lack of contributions from the hillslopes, where rainfall water 

replenishes soil moisture storage. The larger pre-event water contributions with increasing 

wetness conditions are then assumed to reflect the gradual increase in connectivity of the 

hillslopes and streams (Sidle et al., 2000; Muñoz-Villers and McDonnell, 2013). No events 

were studied during the driest part of the year in Leyte (April–May) and therefore it is 

possible that antecedent conditions do affect pre-event water contributions to streamflow for 

the Manobo catchment during the dry part of the year. 

6.6 CONCLUSIONS 

   Runoff responses of a degraded Imperata grassland catchment and a semi-mature multi-

species reforested catchment on Leyte (the Philippines) were compared. In the grassland 

catchment, streamflow increased, and streamwater EC decreased in response to almost all 
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rainfall events. In the reforested catchment, streamflow and EC only changed in response to 

large events. In both catchments, streamflow was a mixture of groundwater and precipitation, 

but the fraction of precipitation was much smaller for the reforested catchment than for the 

degraded catchment. Minimum pre-event water contributions were much lower and 

decreased more rapidly with event size for the degraded grassland than for the reforested 

catchment. The results suggest that surface runoff is much more widespread in the degraded 

grassland than in the reforested catchment, and that reforestation can thus significantly 

improve infiltration, reduce surface runoff and improve streamflow regulation, provided the 

forest and soil are allowed to develop over a sufficiently long period without disturbance. The 

differences in the peak flow, centroid lag time and pre-event water contributions to 

streamflow were also observed during a very large tropical storm, suggesting that these large 

differences in runoff generation mechanisms between the two catchments also persist for the 

largest events. 
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Chapter 7 

Conclusions and recommendations for future research 

 

7.1 BACKGROUND 

   Large reforestation programmes are underway in many tropical countries (Meijfroidt and 

Lambin, 2011; FAO, 2016). Although such programmes are often initiated (amongst other 

reasons) with the intention of improving streamflow regimes (i.e. reduce flooding and 

increase baseflows; Griscom et al., 2017), they have been criticized repeatedly for being 

ineffective in terms of their inability to reduce flooding (FAO-CIFOR, 2005; Calder, 2005), 

as well as for the fact that dry-season flows have usually been observed to decline rather than 

increase after large-scale tree planting (Trimble et al., 1987; Jackson et al., 2005; Farley et 

al., 2005; Liu et al., 2014). The high water use of the (usually exotic) planted trees is widely 

held responsible for this observation and has led to serious doubts about any possibility of 

hydrological improvement through forestation (Calder, 2005; Hayward, 2005). However, 

planting trees (or allowing natural regrowth) in areas with degraded surface conditions may 

also improve the soil’s capacity to absorb and retain rainfall (Ziegler et al., 2004; Ilstedt et 

al., 2007; Zwartendijk et al., 2017). Therefore, the net effect of tree planting on the 

streamflow regime will depend on the balance between the increase in evapotranspiration 

losses on the one hand, and the (ultimate) gain in infiltrated water due to soil improvement on 

the other. Where the latter gain exceeds the losses incurred through the extra 

evapotranspiration, dry-season flows will be increased in theory, and vice versa (Bruijnzeel, 

2004). This is usually referred to as the ‘infiltration-trade-off’ hypothesis (Bruijnzeel, 1989; 

Krishnaswamy et al., 2012). A particularly widespread form of degraded land across the 

tropics, particularly in areas that have been subject to prolonged slash-and-burn agriculture, 

are fire-climax grasslands that are often dominated by spear grass (Imperata cylindrica) and 

wild sugar cane (Saccharum spontaneum) (Garrity et al., 1997; Styger et al., 2007). Where 

regularly burned and grazed, these largely unproductive grasslands can be associated with 

high storm runoff production (Chandler and Walter, 1998) and surface erosion (Concepcion 

and Samar, 1995), which is why they are widely targeted for reforestation (Ottsamo, 2000; 

Wishnie et al., 2007; Ancog et al., 2016). The streamflow impacts of such endeavours are 

poorly unknown, however, amongst others because of a general paucity of baseline 

hydrological studies in tropical fire-climax grasslands (Daño, 1995). In the Philippines, where 



522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang522650-L-sub01-bw-Zhang
Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018Processed on: 23-8-2018 PDF page: 227PDF page: 227PDF page: 227PDF page: 227

Chapter 7. Conclusions and recommendations  

 

217 
 

fire-climax grasslands are widespread and massive reforestation efforts have been initiated of 

late (Aquino and Daquio, 2014), there is a pressing need for a better understanding of the 

potential consequences of large-scale tree planting on dry-season flows (cf. Laros-Chavero et 

al., 2016). In this regard, the claim by the Manobo tribe in north-eastern Leyte (Visayas, the 

Philippines) that their headwater stream became perennial about seven to eight years after 

they started to reforest a barren area of Imperata grassland near the island’s capital Tacloban, 

assumes added importance (cf. Chandler, 2006). To shed further light on this claim, the 

reforested Manobo catchment (8.75 ha) and a nearby micro-catchment under Imperata 

grassland at Basper (3.2 ha) were instrumented in spring 2013 to allow continuous 

observations to be made of rainfall, streamflow, soil water content and shallow groundwater 

levels, as well as stream water quality for a year. Both catchments had perennial streamflow, 

the same rock- and soil type, and were effectively exposed to the same climatic conditions. In 

addition, there was reason to assume the two catchments were watertight. Thus, quantifying 

their runoff response to rainfall and the water budget over a full seasonal cycle might enable a 

preliminary test of the infiltration-trade-off hypothesis under the high rainfall conditions 

prevailing in north-eastern Leyte. However, the Philippines are prone to typhoon incidence 

(Cinco et al., 2016) and five months after the start of the observations, the study catchments 

were hit by typhoon Haiyan, one of the largest events on record at the time and causing major 

damage to the vegetation as well as a disruption of catchment hydrological functioning (cf. 

Nguyen et al., 2014; Rabonza et al., 2015). At the same time, this extreme event offered a 

unique opportunity to compare the response of the two land covers to major disturbance (of a 

type believed to occur more frequently in future as global warming continues; Balaguru et al., 

2016). 

   The following main hypotheses were tested during the study: 

 (i) Surface soil hydraulic conductivity Ksat (infiltration capacity) in the Imperata 

grassland is    low enough for infiltration-excess overland flow (IOF) to dominate 

stormflow production;  

 (ii) Surface- and near-surface Ksat in the reforest are significantly higher than in 

the Imperata grassland, such that IOF is absent and stormflows are dominated by 

subsurface contributions;  

 (iii) Because of (i) and (ii), storm runoff generated by the grassland is both 

‘flashier’ and (much) greater than that by the reforest; 
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 (iv) Overall water use (ET) by the reforest exceeds that of the fire-climax 

grassland; 

 (v) On balance, the extra water use of the reforest is more than compensated by a 

greater infiltration of rainfall in the reforest, hence the ‘trade-off’ is positive 

(higher baseflow); 

 (vi) Amounts of sediment generated by the Imperata grassland exceed those 

produced by the reforest. 

   With respect to the impacts of typhoon Haiyan it was hypothesized further that: 

 (vii) Rainfall interception losses will be decreased initially by opening up of the 

canopy, but approach pre-disturbance values once the foliage has returned; 

 (viii) Post-typhoon storm runoff coefficients will be temporarily increased due to 

lower vegetation water use (wetter soils); and 

 (ix) Post-typhoon water and sediment yields will be enhanced, regardless of land-

cover type. 

   In the following, the main findings (as well as limitations) of the present study are outlined, 

and various suggestions offered for additional research to advance the subject. 

7.2  KEY RESEARCH FINDINGS 

Soil physical characteristics: grassland versus reforest 

   Chapter 2: Basic physical properties of the soil beneath a 23-year-old reforest consisting of 

a mixture of planted and naturally regenerated species (Manobo site) were compared with 

those of a nearby Imperata grassland that had last been burned in 2003 (Basper site). Both 

rock type (gabbro) and soil type (Eutric Cambisols of predominantly sandy clay loam texture) 

were the same, suggesting meaningful comparisons could be made. Organic carbon contents 

in the first 40 cm of the soil in the reforest and grassland were comparable. Total porosity and 

drainable pore space were larger, and bulk density significantly lower, in the forest soil. 

Values of saturated soil hydraulic conductivity (Ksat) as measured on small cores for the 

Basper grassland were e -1), most probably due to inadequate 

sampling of macropores by the small cores. Median surface- and near-surface Ksat as obtained 

from field measurements (double-ring infiltrometer and constant-head well permeameter) 

were also quite low at 2–3 mm h-1 compared to values reported in the literature for Imperata 

grasslands in the region (15–95 mm h-1). Instead, they were rather more typical of (minimum) 
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values reported for grazed tropical pastures. An intermediate value of near-surface Ksat (20 

cm, field-based) of 13 mm h-1 was obtained for a remnant patch of Saccharum grassland near 

the Manobo reforest which had not been grazed or burned for at least 23 years. Conversely, 

surface- and near-surface Ksat in the forest soil at Manobo were already comparable to values 

observed in various old-growth rain forests on similar rock- and soil types in the region, and 

much higher than observed at either grassland site. The median hourly equivalent of 5-min 

rainfall intensity (3.2 mm h-1) during the study year exceeded (near-)surface values of Ksat in 

the Basper grassland, suggesting frequent generation of infiltration-excess overland flow 

(IOF). Further, topsoil moisture contents at Basper were frequently close to saturation, 

indicating the possibility of saturation-excess overland flow (SOF) as well. By contrast, the 

high surface- and near-surface Ksat in the reforest were not indicative of overland flow 

occurrence of any kind, while changes in subsoil conductivity with depth suggested lateral 

subsurface storm flow (SSSF) to occur mostly at a depth of 90 cm, and to a lesser extent at 60 

cm. An intermediate situation seemed to be represented by the remnant grassland patch at 

Manobo, where Ksat was reduced to 2.6 mm h-1 at 40 cm depth and frequent moisture 

accumulation would be expected. The observed respective Ksat-patterns with depth suggest 

stormflows at the micro-catchment scale to be dominated by overland flow and therefore to 

be much more ‘flashy’ in the grassland than for the SSSF-dominated reforest (thereby 

confirming hypotheses (i)–(ii)). 

Runoff response and sediment yield in the grassland before and after typhoon Haiyan 

   Chapter 3: Rainfall, streamflow and sediment yield were determined for the 3.2 ha Basper 

fire-climax grassland micro-catchment between 3 June 2013 and 2 June 2014. The catchment 

had not been burned or grazed for ten years prior to the start of the measurements and the 

central portion (14%) of the catchment surrounding the perennial stream was covered by low 

but dense regenerating vegetation. On 8 November 2013 the area was struck by typhoon 

Haiyan. Runoff response to rainfall was very pronounced, with weighted average storm 

runoff coefficients (Qq/P) of 24% and 47% for pre- and post-Haiyan conditions, respectively 

(cf. hypothesis (viii)). The latter value ranks as one of the highest reported in the literature on 

humid tropical runoff responses. IOF-contributions on landslip surfaces (occupying ~3.4 and 

7.7% of the catchment before and after Haiyan) were important as a source of storm runoff 

but by far not sufficient to explain the observed high Qq-values. Macropores were observed 

only occasionally in the soil beneath the regenerating riparian forest, suggesting rapid lateral 

SSSF was probably limited to a very small part of the catchment at best. Although near-
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surface soil moisture was high during the wettest months, perched groundwater levels were 

not observed to reach the surface, except occasionally near the stream channel, hence SOF is 

not likely to be a major contributor of storm runoff either. Rather, given the (very) low 

hydraulic conductivities of the soils underlying the Imperata grass and shrub as well as the 

regenerating riparian vegetation, IOF is considered the dominant runoff generating 

mechanism at Basper (confirming hypothesis (i)).  

   Pre-typhoon apparent water use by the combined Imperata grassland and young 

regenerating vegetation (derived from the catchment water budget) was rather high (4.7 mm 

d-1), possibly reflecting the generally high soil moisture content and breezy near-coastal 

location of the site. Post-typhoon evapotranspiration of the heavily disturbed catchment 

vegetation was initially much reduced (cf. hypothesis (ix)), but recovered somewhat towards 

the end of the study period (3.6 mm d-1). The annual sediment production was quite high 

(~27.5 t ha-1) and greatly exceeded values previously reported for fire-climax grasslands (as 

well as forests) in the region that were not subject to widespread mass wasting (confirming 

hypothesis (vi)). Post-typhoon sediment transport over a period of six months was estimated 

to be 3.5 times higher than would have been the case without the massive landsliding that 

occurred during the Haiyan event, indicating increased (and possibly prolonged) sediment 

availability (cf. hypothesis (ix)). In view of continued oceanic warming and the gradual 

intensification of extreme rainfall events in the region, runoff response, mass wasting and 

sediment yields are expected to increase in the future. 

Typhoon-induced changes in rainfall interception loss in the Manobo reforest 

   Chapter 4: Typhoon Haiyan made landfall in the central Philippines on 8 November 2013 

as one of the strongest tropical cyclones ever. It also affected the multi-species reforest at 

Manobo. Gross rainfall (P), throughfall (TF; 24 roving collectors) and stemflow (SF; 12 

trees) were monitored between June 2013 and May 2014. Leaf Area Index (LAI) above each 

TF collector was measured regularly. Total rainfall interception losses (I) were determined 

using Gash’s revised analytical model for three consecutive periods:(i) pre-Haiyan (baseline), 

(ii) post–Haiyan (damaged canopy), and (iii) after initial canopy recovery. Modeled I was 

18% of P before disturbance, 12% for the period with the most extensive canopy damage, 

and 17.5% after initial canopy recovery (thereby confirming hypothesis (vii)). Stemflow was 

low, and weighted mean values accounted for 2.7%, 1.3% and 2.0% of P for the respective 

periods. Small trees (5–10 cm diameter) contributed 54% (pre-Haiyan) to 63% (post-Haiyan) 
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of all SF. Contrasts in period-average values of I reflected changes in LAI as well as wet-

canopy evaporation rates. Storm-based TF fractions at the 5 m × 5 m sub-plot scale were 

inversely related to LAI, especially for small storms and low rainfall intensities. Inferred 

hourly rates of wet-canopy evaporation showed a strong positive relationship to hourly 

rainfall intensity during large storms. The revised analytical model was also run using pre-

disturbance parameter values for the entire year to assess the overall effect of canopy damage 

on I. Estimated annual losses with and without canopy disturbance were 514 mm (15% of P) 

and 572 mm (17%), respectively. Thus, observed and inferred changes in rainfall partitioning 

after canopy disturbance and initial recovery were comparatively modest, likely because the 

measurement site was relatively sheltered from the winds during typhoon passage and re-

foliation relatively rapid. However, given the predicted increase in occurrence of ‘super-

typhoons’ due to continued global warming and oceanic freshening, the structure of forests in 

affected regions can be expected to be modified, with potential consequences for rainfall 

partitioning and hydrological response. 

Runoff response and sediment production of the reforest before and after typhoon Haiyan 

   Chapter 5: Rainfall, streamflow, soil moisture and shallow groundwater levels, as well as 

sediment yield were measured between June 2013 and May 2014 for the 8.75 ha Manobo 

reforest catchment. Prior to forestation of the preceding barren Imperata grassland by 

members of the Manobo tribe in 1990, streamflow was ephemeral, despite high annual 

rainfall (~2700 mm) and a short dry season. Initially, Gmelina, Swietenia and coconut trees 

were planted to create the shade required by the native species that were gradually added to 

ultimately form a multi-species ‘reforest’. Average pre-typhoon daily apparent water use (ET) 

as derived from the catchment water budget was rather high (5.0 mm d-1), reflecting the 

generally ample availability of soil water as well as a possible evaporation-enhancing effect 

by advected heat from non-forested surroundings and the nearby Pacific Ocean. Post-typhoon 

ET was reduced to an average value of 3.2 mm d-1, reflecting a lower leaf area index as well 

as lower interception losses after forest disturbance (cf. hypotheses (vii) and (ix)). Runoff 

response increased with event rainfall size, both before and after disturbance, with maximum 

values up to 55% and 69%, respectively. Overall weighted average storm runoff coefficients 

for pre- and post-Haiyan conditions were 16% and 44%, respectively (cf. hypothesis (viii)). 

The former value is comparable to values reported for various old-growth tropical rain forest 

catchments having similar soil and rainfall regime. Both stormflow volume and peak 

discharge increased rapidly once a threshold value for mid-slope soil water storage in the top 
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60 cm of ~250 mm (pre-typhoon situation) or ~240 mm (post-Haiyan) was exceeded. ‘Direct’ 

runoff before forest disturbance consisted exclusively of SSSF, reflecting high soil hydraulic 

conductivities down to 60 cm depth, while shallow groundwater levels in foot-slope locations 

never reached the surface. However, after forest disturbance, foot-slope water tables rose 

regularly to within 10 cm of the surface, thereby activating near-surface macropores 

(enabling lateral SSSF), with SOF being observed during several very large storms. 

Catchment sediment yield was 3.7 t ha-1 yr-1, of which nearly 70% occurred during the first 

two months after Haiyan (cf. hypothesis (ix)). Subsequent sediment transport dropped 

dramatically when the system became supply-limited after this initial flushing phase. Bedload 

made up ~8.4% of the total sediment yield. Sediment production at Manobo was comparable 

to values reported for old-growth tropical rain forests in similar geo-climatic settings. 

   Comparing the average ET and stormflow production for the Manobo reforest in the 

absence of disturbance with those of the landslide-affected Imperata grassland micro-

catchment at Basper suggested that the extra infiltration afforded by the reforestation (~240 

mm yr-1 of stormflow reduction) exceeded the extra water use of the reforest (~100 mm yr-1), 

implying a net positive trade-off (and increase in baseflow) of ~140 mm yr-1 (thereby 

tentatively confirming hypotheses (iii) – (v)). However, seven-year moving averages of 

annual rainfall totals for the area increased by ~11 mm yr-1 between 1984 and 2012, whereas 

the number of dry months with <100 mm of rain each decreased from 2.2 to 1.6 mo yr-1. 

Further work is needed, therefore, to separate the long-term climatic effect on streamflow 

from that exerted by the developing reforest. 

Grassland reforestation and changes in dominant flow pathways 

   Chapter 6: Reforesting degraded land can increase soil hydraulic conductivity and the 

number of preferential flow pathways, suggesting this may also change the dominant runoff 

generation mechanisms. However, it is not clear to what extent these changes affect the 

hydrological response for different event sizes. Therefore, the response of two small 

headwater catchments with perennial streamflow near Tacloban (Leyte, the Philippines) was 

compared: one a degraded Imperata grassland micro-catchment (Basper, 3.2 ha) and the other 

a catchment that had been reforested 23 years prior to the start of the measurements (Manobo, 

8.75 ha). The two catchments had the same rock- and soil type. Precipitation, stream stage 

and electrical conductivity (EC) were measured continuously from June until November 2013 

when the area was struck by typhoon Haiyan. Numerous samples were taken from 
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streamflow, precipitation, groundwater and soil water for geochemical and stable isotope 

analysis. The response of the degraded grassland micro-catchment was much more flashy and 

rapid than that of the reforested catchment. Both streamflow and EC changed rapidly during 

almost every rainfall event in the grassland, but streamflow and EC responses of the reforest 

were much smaller and only occurred during larger events. Changes in stream chemistry and 

isotopic composition during stormflow conditions were also larger in the grassland. EC-based 

minimum pre-event water contributions to stormflow were also much smaller for the 

grassland catchment than for the reforested catchment (medians of 26 and 81%, respectively) 

and suggested that overland flow occurred frequently and was much more widespread in the 

grassland. These differences in response were observed for all event sizes, including a major 

tropical storm event. The results indicate that the dominant flow pathways during rainfall 

have changed after reforestation from an overland flow dominated response in the grassland 

to a subsurface flow dominated response in the reforestation (confirming hypotheses (i) and 

(ii)). The findings also demonstrate that successful reforestation can restore the hydrological 

functioning of degraded land, provided the soil is allowed to recover over a sufficiently long 

period. 

7.3 LIMITATIONS OF THE RESEARCH AND SUGGESTIONS FOR FURTHER 

RESEARCH  

   The present research has demonstrated major differences in hydrologically relevant 

physical characteristics of the soils beneath degraded Imperata grassland and mixed-species 

reforestation. In addition, both hydrometric and tracer-based stormflow separations at the 

micro-catchment scale confirmed the inferences made from these contrasts in soil physical 

attributes (notably soil hydraulic conductivity) that: (i) the Imperata grassland was much 

more hydrologically responsive than the reforest; and (ii) storm runoff from the grassland was 

heavily dominated by infiltration-excess overland flow (IOF), in contrast to the situation in 

the reforest, where subsurface stormflow (SSSF) was dominant. Furthermore, sediment 

production by the Imperata grassland catchment was markedly higher than that by the 

reforested catchment, mostly because of widespread mass wasting in the former. Indeed, in 

terms of storm runoff and sediment production, the 23-year-old Manobo reforest behaved 

similarly to various old-growth lowland rain forest catchments in comparable geo-climatic 

settings (high rainfall, absence of an impending horizon at shallow depth). Last, but not least, 

the inferred contrasts in annual vegetation water use and rainfall infiltration and retention 
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between the two land covers (in their undisturbed state) were such that the net effect would 

be an enhancement of dry-season flows after reforestation (cf. Chandler, 2006; Zhou et al., 

2010; Krishnaswamy et al., 2012). 

   However, a major limitation of the present research relates to the fact that the streamflow 

observations were interrupted by typhoon Haiyan, about five months into the study period. 

This precluded covering a full seasonal cycle (as originally planned) and had repercussions 

for the estimation of the apparent annual water use of the two investigated vegetation types, 

with knock-on effects for the evaluation of the ‘infiltration trade-off’. In addition, the 

observations only covered the first seven months after the typhoon, while possible longer-

term effects were not included. This holds true especially for the estimation of catchment 

sediment yields, which are known to be heavily dominated by sediment transport during a 

limited number of large storms, the frequency of which tends to vary between years (Douglas 

and Guyot, 2005). In the following, some suggestions are offered for further work to 

complement the present research and advance our knowledge with respect to the hydrological 

impacts of reforesting degraded land in the tropics, more specifically in terms of: (i) 

vegetation water use, (ii) runoff response to rainfall, and (iii) the possibility of achieving a 

positive infiltration trade-off after reforestation.  

   Vegetation water use: apart from the uncertainty in streamflow amounts at times when the 

weirs overflowed, flows for the grassland micro-catchment had to be estimated for a 12-day 

period immediately following typhoon Haiyan when the measuring weir was buried by a 

landslide. The resulting uncertainty in annual streamflow totals for the two catchments 

implies an equally large uncertainty in the corresponding annual ET (derived from the 

respective catchment water budgets), to which should be added any uncertainty in rainfall 

inputs, mostly during typhoon Haiyan when maximum wind speeds exceeded 300 km h-1 

(Rabonza et al., 2015) and wind-induced losses around the rain gauge must have been large 

(Førland et al., 1996). Although amounts of wind-driven rain were estimated using a 

cylindrical fog gauge that had a 100% capturing efficiency for wind-driven rain drops, it 

remains to be seen to what extent the gauge represented a live vegetation surface (Bruijnzeel 

et al., 2005; Frumau et al., 2011). Despite these uncertainties, at 3.1 mm d-1, the average daily 

pre-typhoon transpiration rate for the Manobo reforest derived by subtracting measured 

rainfall interception losses from the water-budget based overall ET was quite plausible. 

Nevertheless, confirmation by more ‘direct’ observations of transpiration would be desirable, 

also as a check of the presumed water tight nature of the study catchments. This holds even 
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more true for the post-typhoon period, during which major changes occurred in vegetation 

leaf area index, and hence in the expected partitioning of total ET into soil water uptake 

(transpiration), interception evaporation (cf. Chapter 4) and evaporation from the forest floor 

(Scatena et al., 2005). Observations of the changes in post-typhoon vegetation water use are 

comparatively rare and have yielded conflicting evidence. In some cases, tree water use was 

reduced because of damaged root systems and altered micro-climatic conditions (Fukuda et 

al., 1997; Muramoto et al., 1998), in others water use increased with time during regrowth as 

a vigorous new cohort of plants took over (Jayakaran et al., 2014), while sometimes no major 

changes were recorded (Zheng et al., 2011). At Manobo, application of micro-meteorological 

methods to measure transpiration would suffer from problems of fetch (the reforest being 

surrounded by other types of land cover; cf. Giambelluca et al., 2000, 2003). Furthermore, 

soil water depletion approaches (Calder et al., 1983; Waterloo et al., 1999) are also less 

suitable at Manobo as the tree roots extended into the rotten rock at depths below the range 

sampled by the soil water sensors. This leaves the use of plant physiological techniques (sap 

flow gauges, porometry) as the preferred method, although due attention would need to be 

paid to the adequate sampling of the diversity of the reforest in terms of both tree species and 

size range (McJannet et al., 2007; Dierick and Hölscher, 2009; Kunert et al., 2012). Whilst 

problems of fetch or deep rooting are less important in the Basper grassland, an evaluation of 

differences in water use of the grass- and shrubland on the side-slopes, and of the riparian 

regrowth forest (likely to be higher) would ideally require a combination of the above 

techniques (cf. Gush, 2011; Kunert et al., 2017) as well as separate rainfall interception 

measurements for the riparian forest and surrounding shrubs and tall grasses (cf. Park et al., 

2010).  

   Runoff response: the inferred dominance of IOF in the case of the Basper grassland and of 

SSSF in the Manobo reforest (with foot-slope saturation-excess overland flow SOF 

contributing occasionally after vegetation disturbance) is based mostly on indirect evidence: 

comparing the rainfall intensity distribution with soil hydraulic conductivity (Ksat) profiles; 

hydrograph analysis; variations in stream water electric conductivity during rainfall; and 

ratios between ‘event water’ and ‘pre-event water’ based on stable isotope analysis. Apart 

from visual evidence (IOF on landslide surfaces), no direct measurements were made of IOF 

at Basper, either using overland flow detectors (Godsey et al., 2004) or continuously 

monitored bounded runoff plots (Yu et al., 1997; Ghimire et al., 2013). To allow a distinction 

between IOF or SOF occurrence, overland flow measurements should ideally be 
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accompanied by automated measurement of shallow groundwater levels. While groundwater 

levels were measured continuously in foot-slope piezometers at Basper and Manobo 

(demonstrating occasional occurrence of SOF), the manual readings taken in the mid- and 

upslope piezometers were too infrequent to ascertain whether the water table came close to 

the surface (thereby activating lateral near-surface macropores, see below) during times of 

peak rainfall or not. 

   Similarly, it would be of interest to compare the frequencies of lateral SSSF occurrence at 

different depths in the Manobo reforest (as inferred from a comparison of rainfall intensities 

and Ksat with depth as is usually done; Ziegler et al., 2004; Bonell et al., 2010; Ghimire et al., 

2013) with actual measurements of SSSF using lateral-flow lysimeters or hillslope trenching 

(Mendoza and Steenhuis, 2002; Hanson et al., 2004; Tromp-van Meerveld and McDonnell, 

2006). Combining such measurements with a characterization of soil macropore networks 

using blue dye or white paint to delineate preferential flow paths in the field (Noguchi et al., 

1997; Hanson et al., 2004; Zwartendijk et al., 2017) and/or 3-D scans of intact soil columns 

in the laboratory (Meng et al., 2016; cf. Shougrakpam et al., 2010) is likely to produce 

greater insight into the observed differences in Ksat between the investigated land-cover types 

(or between surface and subsurface horizons) as well as between sites with comparable 

vegetation (such as the remnant Imperata grassland at Manobo versus the Basper grassland). 

Quantitative characterization of macropore networks should also facilitate application of 

models that explicitly separate matrix flow and preferential flow via macropores to obtain 

more realistic predictions of hillslope hydrological behaviour during extreme rainfall (Sarkar 

and Dutta, 2012, 2015; Sarkar et al., 2015; Cheng et al., 2017). For example, major 

landsliding took place in the Basper grassland during typhoon Haiyan, but not during several 

earlier or subsequent tropical storms that delivered comparably large amounts of rainfall. 

Improved information on the continuity and hydrological functioning of larger macropores 

(such as pipes) may also improve our understanding of landslide initiation in the study area 

(Uchida et al., 2001; cf. Nolasco-Javier et al., 2015; Rabonza et al., 2015; Nolasco and 

Kumar, 2018). 

   Infiltration trade-off: the estimation of annual amounts of storm runoff Qq for the 

undisturbed Basper grassland and Manobo reforest was based on the strong correlations 

found between event rainfall and pre-disturbance Qq (Chapter 5, Supporting Figure 5). To 

avoid any effect of differences in rainfall inputs between the two sites, the same rainfall data 

were used in the respective equations, giving a plausible estimated reduction in stormflow 
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production (taken to equal the increase in infiltration and water retention) after reforestation 

of ~240 mm yr-1. By contrast, the corresponding estimated increase in annual ET (100 mm yr-

1) must be considered less certain for the reasons given above. Because the resulting positive 

infiltration trade-off of 140 mm yr-1 arguably hinges on this fairly small difference in 

vegetation water use, alternative attempts were made to estimate annual ET for the two land 

covers in the absence of disturbance. Firstly, observed daily rainfall and streamflow totals 

were plotted cumulatively against one another per site according to the modified double-mass 

curve approach of Liu et al. (2015). Extrapolating the trend-line for undisturbed conditions to 

the point corresponding with the cumulative annual rainfall gave an estimate of the annual 

streamflow total for undisturbed conditions (Chapter 5, Figure 5.4b). Subtracting the latter 

value from the annual rainfall should then yield the approximate ‘undisturbed’ ET. Secondly, 

the HBV-light model was calibrated using pre-Haiyan 5-min rainfall and streamflow data to 

simulate the post-Haiyan period streamflow total in the absence of vegetation disturbance. 

Unfortunately, both approaches produced unrealistically high ‘undisturbed’ annual ET-values, 

especially for the Manobo reforest (close to 2400 mm yr-1 versus 1800–1890 mm yr-1 for the 

grassland). Because the results obtained with either approach were very similar, and because 

HBV-light tended to under-estimate the higher flows in particular, it cannot be excluded that 

the rainfall and streamflow conditions encountered during the pre-Haiyan calibration period 

were insufficiently representative for the study year as a whole. This, in turn, may have 

caused the inadequate capturing by the model of peak-rainy season conditions. If so, then the 

planned application of other potentially suitable models (e.g. the Data-Based Mechanistic 

modeling approach of Chappell et al. (2006) and (2012) and the recently advanced model of 

Cheng et al. (2017) that explicitly separates lateral and vertical preferential flow pathways 

from matrix flow) may encounter similar problems. 

   On a more positive note, trial simulations of both storm runoff amounts and within-storm 

patterns of storm runoff for the IOF-dominated Basper grassland micro-catchment using the 

Spatially Variable Infiltration model (SVIM) of Yu et al. (1997) were very promising, both 

for pre- and post-Haiyan conditions (Z. Zhou and J. Zhang, unpublished). SVIM describes 

actual rates of infiltration as a function of the variations in rainfall intensity over short time 

intervals (1–6 min), and a parameter representing the spatially averaged maximum rate of 

infiltration, Im (Yu et al., 1997). Subtracting predicted rates of infiltration from corresponding 

rainfall intensities then gives actual rates of IOF. While agreement between predicted and 

observed stormflow patterns at Basper for two sets of twelve sample storms was excellent 
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(with Nash-Sutcliffe efficiency values > 0.90), optimum values of Im varied between storms, 

possibly as a function of catchment wetness (Z. Zhou and J. Zhang, unpublished). These 

findings hold some promise for the prediction of stormflows in other degraded tropical areas 

where IOF typically dominates stormflows at the hillslope- and micro-catchment scale 

(Chandler and Walter, 1998; Zhou et al., 2002; Recha et al., 2012). There is a real need to 

estimate storm runoff production in degraded lands across the tropics to serve as a baseline 

against which to evaluate the hydrological impacts of various land rehabilitation strategies, 

such as reforestation, agroforestry, or conservation agronomy (Young, 1997; Snelder and 

Lasco, 2008; Griscom et al., 2017). Global studies of stormflow prediction have mostly used 

the U.S. Soil Conservation Curve Number method in combination with spatial information on 

land degradation (e.g. Bai et al., 2008) and basic soil characteristics (e.g. Hong and Adler, 

2008; cf. Peña-Arancibia, 2013; Bruijnzeel et al., 2013), despite the fact that the method has 

been criticized heavily for being essentially static and not based upon sound physical 

principles (see discussion in Ogden et al., 2017; cf. Yu, 1998). Ogden et al. (2017) recently 

stressed the need to ‘identify hydro-geographically appropriate dynamic model formulations’ 

for stormflow prediction, as well as expand data-collection efforts in specific hydro- 

geographic settings such as the humid tropics (cf. Cheng et al., 2017). Arguably, deriving Im-

values for a range of IOF-dominated tropical post-forest land-cover types through calibration 

of the SVIM model at the plot- or micro-catchment scale would go some way towards 

meeting these objectives. Nevertheless, in view of the need to separate the effects of climatic 

variability and land-cover change on streamflow regimes (also in north-eastern Leyte), 

improved insight remains needed into long-term changes in both stormflow production and 

vegetation water use for a range of land-cover types and configurations (cf. Vertessy et al., 

2001; Zhou et al., 2002; Dierick et al., 2010; Lacombe et al., 2016).  
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ACHTERGROND 

   In veel tropische landen zijn grootschalige herbebossingsprogramma’s opgestart met het 

idee om (o.a.) het afvoerregime van rivieren te verbeteren (minder overstromingen, hogere 

afvoeren in het droge seizoen). In de praktijk blijven de verwachte verbeteringen echter vaak 

achterwege en zijn de rivierafvoeren vaak lager na herbebossing, voornamelijk door het hoge 

waterverbruik van de aangeplante soorten. Tegelijkertijd kan het planten van bomen op sterk 

gedegradeerde gronden de infiltratiecapaciteit van de bodem verbeteren. Het netto effect van 

bosaanplant op rivierafvoeren hangt derhalve af van de balans tussen enerzijds de verhoogde 

verdamping (afname van afvoeren), en anderzijds de verbeterde infiltratie (toename van 

afvoeren). Dit wordt ook wel de ‘infiltration-trade-off’ hypothese genoemd. Een veel 

voorkomende vorm van gedegradeerd land in de vochtige tropen betreft de zgn. Imperata 

graslanden. Vooral in gebieden waar deze geregeld worden afgebrand en begraasd, kunnen 

oppervlakkige afvoer en daarmee gepaard gaande erosie voor problemen zorgen. Daarom 

worden dit soort graslanden wereldwijd aangemerkt voor herbebossing, ook al is er nog 

weinig bekend over de eventuele hydrologische gevolgen. In dit opzicht is de claim van de 

Manobo-stam op het Filipijnse eiland Leyte, dat hun beek weer het hele jaar door water 

begon te voeren zo’n zeven tot acht jaar nadat zij een Imperata grasland hadden herbebost, 

bijzonder interessant. Om deze claim verder te onderzoeken werden twee kleine 

stroomgebieden ter plekke in het voorjaar van 2013 voorzien van meetapparatuur voor een 

vergelijkende hydrologische studie: één onder voornamelijk Imperata grasland (Basper, 3,2 

ha) en een 23 jaar tevoren herbebost gebied (Manobo, 8.75 ha). Beide stroomgebiedjes 

produceerden het hele jaar door afvoer, en waren in termen van klimaat, bodem en geologie 

vrijwel identiek, zodat eventuele verschillen in hydrologisch gedrag terug te voeren konden 

zijn op het verschil in vegetatie. Echter, zo’n vijf maanden na de start van de observaties, 

werd het gebied getroffen door één van de zwaarste tropische stormen ooit (tyfoon Haiyan), 

waardoor met name de vegetatie van het bosgebied zwaar beschadigd raakte en het 

hydrologisch gedrag veranderde. Dit gaf de mogelijkheid om ook het verschil in reactie op 

een dergelijke extreme gebeurtenis tussen grasland en herbebossing te quantificeren. In de 

volgende paragrafen worden de belangrijkste resultaten van het onderzoek besproken en een 

aantal suggesties gedaan voor verder onderzoek.  
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VOORNAAMSTE ONDERZOEKSRESULTATEN 

   Hoofdstuk 2: een vergelijking van de fysische eigenschappen van de bodems onder 

Imperata grasland (Basper-locatie) en het 23-jaar oude gemengde aangeplante bos (Manobo-

locatie) leverde de volgende resultaten op: de gehaltes aan organisch koolstof in de eerste 40 

cm van de bodem waren vergelijkbaar; de porositeit was hoger, en de dichtheid lager voor de 

herbeboste bodem. De op diverse manieren gemeten verzadigde doorlatendheid (Ksat) van de 

graslandbodem was bijzonder laag (2–3 mm/uur). Daarentegen was de Ksat van de bosbodem 

in Manobo al vergelijkbaar met waarden die zijn gerapporteerd voor climax-regenwouden in 

de regio. De gemiddelde intensiteit van de regen gemeten over 5 minuten (equivalent aan 3.2 

mm/uur) in het studiegebied was hoger dan de gemiddelde Ksat van het grasland, wat het 

veelvuldig voorkomen van oppervlakkige afstroming aldaar suggereerde, in tegenstelling tot 

de bosbodem, waar Ksat-waarden zodanig hoog waren dat laterale stroming gewoonlijk vooral 

op 90 cm diepte optrad. 

   Hoofdstuk 3: regenval, beekafvoeren en sedimentproductie werden gedurende een jaar 

gemeten in het Basper grasland stroomgebied. De centrale 14% van het gebied bestond uit ca. 

10-jaar oude natuurlijke hergroei, de rest was bedekt met Imperata gras en struikgewas. Op 8 

November 2013 werd het gebied getroffen door tyfoon Haiyan. De reactie op neerslag was 

bijzonder uitgesproken met gemiddelde afvoercoefficiënten (Qq/P) van 24% en 47% voor en 

na de tyfoon; de snelle afvoercomponent bestond voornamelijk uit wijdverspreide 

oppervlakkige afstroming vanwege de lage tot zeer lage doorlatendheden van de bodem. 

Daaraan gekoppeld was de productie van sediment zeer hoog (~27.5 t/ha/jaar), vooral door de 

verhoogde aardverschuivingsactiviteit gedurende de tyfoon en de naweeën daarvan. Op basis 

van de gebiedswaterbalans werden waarden van 4.7 en 3.6 mm/dag afgeleid voor het 

gemiddelde waterverbruik van de vegetatie, respectievelijk voor de verstoring en 4–7 

maanden na het passeren van tyfoon Haiyan.   

   Hoofdstuk 4: regenval (P), doorval (TF) en stamafvoer (SF) werden gedurende een jaar 

gemeten in het Manobo bos om de mate van onderschepping van de neerslag 

(interceptieverdamping I) te bepalen als functie van de staat van het kronendak. Daartoe werd 

ook de ‘leaf area index’ (LAI) op gezette tijden gemeten boven individuele TF-collectors. 

Omdat de collectors een aantal keren overstroomd raakten werden interceptie totalen geschat 

met behulp van een analytisch model voor drie perioden: (i) voor verstoring door tyfoon 

Haiyan (basiswaarde); (ii) na Haiyan (sterk beschadigd kronendak); en (iii) na een zeker 

herstel van het kronendak. De geschatte I (als % van P) was 18% voor verstoring, 12% na 
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verstoring, en 17.5% na partiëel herstel. SF was laag en bedroeg 2.7%, 1.3% en 2.0% in de 

verschillende perioden. De contrasten in I weerspiegelden veranderingen in LAI en 

verdampingssnelheden tijdens regen. Het gemodelleerde verschil in jaarlijkse I met en zonder 

verstoring van het bos was opvallend klein (~60 mm/jaar), wellicht vanwege de relatief 

beschermde ligging van de onderzoekslocatie tijdens de tyfoon.  

   Hoofdstuk 5: regenval, afvoeren, bodemvocht, grondwaterstanden, alsmede 

sedimentproductie werden gedurende een jaar gemeten in het met Gmelina, mahonie en 

kokospalmen herbeboste Manobo stroomgebied. Op basis van de waterbalans werd het 

gemiddelde waterverbruik van de 23 jaar oude vegetatie voor verstoring door tyfoon Haiyan 

geschat op ~5 mm/dag (erna op ~3 mm/dag). De snelle afvoer bedroeg 16% van de neerslag 

voor verstoring en bestond uitsluitend uit laterale ondergrondse afvoer (voornamelijk op 60–

90 cm diepte). Na verstoring van de vegetatie groeide de gemiddelde reactie op neerslag naar 

44% en werd de laterale ondergrondse afvoer oppervlakkiger. Het jaarlijkse 

sedimenttransport (3.7 t/ha) werd voor 70% bereikt tijdens de eerste twee maanden na de 

tyfoon en was vergelijkbaar met waarden gemeten voor ongestoord regenwoud in de regio. 

Volgens leden van de lokale Manobo-stam viel de beek voor herbebossing gewoonlijk droog 

tijdens het droge seizoen (april), terwijl de afvoer permanent werd zo’n 7–8 jaar na 

herbebossing. Vergelijking van het waterverbruik door het bos met dat van het Basper 

grasland (~100 mm/jaar hoger voor het bos) en van het infiltratieverschil tussen de twee 

gebieden  (~240 mm/jaar hoger in het bos) suggereerde inderdaad een netto positief effect 

van herbebossing. Echter, de geconstateerde verbetering van de afvoeren in Manobo kan 

deels ook een gevolg zijn van de vernatting van het lokale klimaat. Verder (model-)onderzoek 

is gewenst. 

   Hoofdstuk 6: herbebossing van gedegradeerde gebieden kan de doorlatendheid van de 

bodem verbeteren waardoor de dominante afvoerpatronen tijdens neerslag kunnen 

veranderen. Het is echter niet duidelijk of dergelijke veranderingen ook nog zichtbaar zijn 

tijdens hoge neerslag-intensiteiten en -hoeveelheden. De reactie op neerslag werd daarom 

vergeleken voor twee stroomgebiedjes in de Filipijnen: een sterk gedegradeerd 

(aardverschuivingen) Imperata grasland en een 23-jaar oude herbebossing met een 

vergelijkbaar bodemtype. Neerslag, afvoeren en de electrische geleidbaarheid van het water 

(EC) werden continu gemeten gedurende vijf maanden en talrijke watermonsters (regen, 

bodemvocht, grondwater, rivierwater) geanalyseerd (chemie, stabiele isotopen). De reactie 

van het grasland op neerslag was veel sneller en uitgesprokener dan die van het herbeboste 
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stroomgebied, terwijl veranderingen in de EC, chemie en het isotopengehalte van het 

beekwater tijdens neerslag veel groter waren in het grasland. De resultaten suggereerden dat 

oppervlakkige afvoer veel frequenter en wijdverspreider was in het grasland dan in het 

herbeboste gebied (waar de meeste afvoer ondergronds werd gegenereerd) en dat deze 

verschillen gehandhaafd bleven tijdens hoge neerslaghoeveelheden. Succesvolle 

herbebossing lijkt dan ook het hydrologisch functioneren van gedegradeerde gebieden te 

kunnen verbeteren, mits de bodem lang genoeg kan herstellen. 

AANBEVELINGEN VOOR VERDER ONDERZOEK  

   Het feit dat de vegetatie, en daarmee de hydrologische observaties, al na vijf maanden 

werden verstoord door het passeren van tyfoon Haiyan, betekende dat de waterbalans en 

sediment-productie niet bepaald konden worden over een volledig ongestoorde jaarcyclus. 

Tevens besloegen de observaties slechts de eerste zeven maanden na de storm, zodat 

eventuele lange-termijneffecten niet meegenomen zijn. In de volgende paragrafen wordt een 

aantal suggesties gedaan voor vervolgonderzoek met betrekking tot het waterverbruik van de 

vegetatie, de reactie van de twee stroomgebieden op neerslag, en de mogelijkheid om een 

netto positief hydrologisch effect van herbebossing harder te maken. 

   Waterverbruik door de vegetatie (ET): afvoeren uit het grasland moesten worden geschat 

voor een periode van 12 dagen nadat de meetstuw tijdens tyfoon Haiyan begraven was onder 

een aardverschuiving. De daarmee gepaard gaande onzekerheid in de jaarafvoer komt terug 

in de schatting van de ET, net als de onzekerheid in regenval gemeten tijdens de extreme 

windsnelheden gedurende de tyfoon. Hoewel de uiteindelijk geschatte gemiddelde 

transpiratie voor het ongestoorde Manobo bos (~3 mm/dag) plausibel is te noemen, is 

bevestiging door middel van meer ‘directe’ observaties (bij voorbeeld sapstroommetingen) 

wenselijk, met name gedurende de periode dat het bos herstellende is van de opgelopen 

stormschade. Hetzelfde geldt voor een afzonderlijke bepaling van de verdamping (transpiratie 

en interceptie) vanaf de regenererende vegetatie rond de beek in het Basper grasland en voor 

de grassen en struiken op de hellingen aldaar.  

   Reactie op neerslag: al zijn de aanwijzingen voor de dominantie van oppervlakkige afvoer 

tijdens regen in het Basper grasland talrijk, directe metingen met behulp van ‘overland flow 

detectors’ of proefperken (‘runoff plots’) zouden welkom zijn. Om verschillende typen 

oppervlakkige afstroming te kunnen onderscheiden verdient het aanbeveling om ook ondiepe 

grondwaterstanden continu te meten op de hellingen. Hetzelfde geldt voor de veronderstelde 
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dominantie van ondergrondse snelle laterale afvoer tijdens regen in het Manobo bos. 

Aanvullende directe metingen met behulp van ‘lateral-flow lysimeters’ of  speciaal daartoe 

gegraven geulen langs de contour om de ondergrondse afvoer te onderscheppen (‘hillslope 

trenching’) zouden meer duidelijkheid kunnen geven op welke diepte de laterale stroming 

optreedt bij verschillende regenintensiteiten en natheidsgraden van de bodem. Ook de 

karakterisering van macroporie-netwerken in de bodem door middel van het injecteren van 

gekleurde tracers (bijv. ‘methylene blue’) of het maken van 3-D scans van intacte bodem-

kolommen kan meer inzicht geven in de gemeten verschillen in hydrologisch gedrag tussen 

de bos- en graslandbodems. Tevens maakt dit soort informatie het gebruik van meer 

geavanceerde bodemwaterstromingsmodellen mogelijk (scheiding van stroming door de 

bodemmatrix en langs preferente routes) waardoor ook meer inzicht kan worden verkregen in 

het hoe en waarom van de plotselinge aardverschuivingen in het studiegebied. 

   Eventueel positief netto hydrologisch effect van herbebossing: een vergelijking van de 

geschatte verdamping door enerzijds het Imperata grasland en anderzijds het 23 jaar oude 

aangeplante bos suggereerde dat het verschil in verdamping (een toename van ~100 mm/jaar 

na herbebossing) kleiner was dan de bijbehorende reductie in waterverliezen via 

oppervlakkige en snelle ondergrondse afstroming tijdens regen (‘stormflows’, -240 mm/jaar). 

Het zo verkregen positieve nettoverschil van 140 mm/jaar hangt echter sterk af van het 

relatief kleine verschil in verdamping tussen de twee vegetaties en de daarmee gepaarde 

onzekerheid (zie boven). Pogingen om het verschil in verdamping te bevestigen met behulp 

van de zgn. ‘double-mass technique’ en het HBV-light model gaven geen bevredigende 

resultaten en aanvullende modellering (bijv. ‘data-based mechanistic modeling’) blijft nodig. 

Anderzijds, een proef met het SVIM-infiltratiemodel om de snelle afvoeren in het Basper 

grasland te voorspellen aan de hand van korte-termijn variaties in regenintensiteiten was zeer 

succesvol. Dergelijke resultaten beloven veel goeds voor de mogelijkheid om snelle afvoeren 

te voorspellen in soortgelijke gedegradeerde gebieden in de tropen waar oppervlakkige afvoer 

het dominante hydrologische proces is tijdens regen. Dit soort voorspellingen kunnen op hun 

beurt gebruikt worden als referentie (‘baseline’) bij het evalueren van de hydrologische 

effecten van diverse strategieën om gedegradeerde bodems te rehabiliteren, zoals 

herbebossing, agro-bosbouw, of landbouw aandacht voor bodem- en water conservering. 
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