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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 



Chapter 2. Soil physical characteristics 

	

23	
	

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 

Precipitation intensity and 
Saturated hydraulic conductivity (mm h-1)

1 10 100

C
um

ul
at

iv
e 

fre
qu

en
cy

 (%
)

0

20

40

60

80

100

60-min intensity 
30-min intensity
15-min intensity
5-min intensity
BG-surface
BG-20 cm
BG-40 cm
BG-60 cm
MF-20 cm
MF-40 cm
MF-60 cm
MG-20 cm
MG-40 cm

BG MG MF



Chapter 2. Soil physical characteristics 

	

38	
	

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. 

D
ep

th
 b

el
ow

 th
e 

so
il 

su
rfa

ce
 (c

m
)

0

20

40

60

80

100

a b

0.1 1 10 100 1000

D
ep

th
 b

el
ow

 th
e 

so
il 

su
rfa

ce
 (c

m
)

0

20

40

60

80

100

c

0.1 1 10 100 1000

d

Saturated hydraulic conductivity and 5-min precipitation intensity (mm h-1)

BG-Core

BG-Field

MF-Core

MF-Field



Chapter 2. Soil physical characteristics 

	

54	
	

	

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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