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SUMMARY 
 

   Large reforestation programmes are underway in many tropical countries. Although such 

programmes are often initiated with the intention of improving streamflow regimes, they 

have been criticized for being ineffective in terms of their inability to reduce flooding, and for 

the fact that dry-season flows have usually been observed to decline after large-scale tree 

planting. The high water use of the (usually exotic) planted trees is widely held responsible 

for this and has led to serious doubts about any possibility of hydrological improvement 

through forestation. 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. Therefore, the net effect of tree planting on streamflow 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. This is usually referred to as the ‘infiltration-trade-off’ hypothesis. 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). Where regularly burned and grazed, these largely unproductive grasslands can 

be associated with high storm runoff production and erosion, which is why they are widely 

targeted for reforestation. The streamflow impacts of such endeavours are poorly unknown, 

however. In the Philippines, where fire-climax grasslands are widespread and massive 

reforestation efforts have been initiated of late, there is a pressing need for a better 

understanding of the potential consequences of large-scale tree planting on dry-season flows. 

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. 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 hydrological observations to be made 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 



Summary 

 

 
 

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 prevailing high rainfall conditions. However, 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. At the same time, this extreme event 

offered a unique opportunity to compare the response of the two land covers to a type of 

major disturbance  believed to occur more frequently in future as global warming continues. 

   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 the above, storm runoff generated by the grassland is both 

‘flashier’ and (much) greater than that by the reforest; 

• (iv) Overall water use (ET) by the reforest exceeds that of the grassland; 

• (v) On balance, the extra water use of the reforest is more than compensated by 

greater infiltration of rainfall in the reforest, hence the ‘trade-off’ is positive; 

• (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 further hypothesized that: 

• (vii) Rainfall interception losses are decreased initially by opening up of the 

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

• (viii) Post-typhoon storm runoff coefficients are temporarily increased due to 

lower vegetation water use (wetter soils); and 

• (ix) Post-typhoon water and sediment yields are enhanced, regardless of land-

cover type. 

   In the following, the main findings of the study will be outlined. 
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KEY RESEARCH FINDINGS 

Soil physical characteristics: grassland versus reforestation:  

   Basic physical properties of the soil beneath the Manobo ‘reforest’ and the Basper 

grassland were compared. Organic carbon contents in the first 40 cm of the soil at the two 

sites 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 grassland were extremely low (≤ 1 mm h-1), most probably 

due to inadequate sampling of macropores by 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) values reported for grazed tropical pastures. 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. 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 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. The observed Ksat-patterns with depth suggest stormflows to be 

dominated by overland flow and therefore to be much more ‘flashy’ in the grassland than in 

the SSSF-dominated reforest (thereby confirming hypotheses (i)–(ii)). 

Runoff response and sediment yield in the grassland before and after typhoon Haiyan 

   Rainfall, streamflow and sediment yield were determined for the 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. 
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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-

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)).  

Typhoon-induced changes in rainfall interception loss in the Manobo reforest 

   Typhoon Haiyan 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 
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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) 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 

   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 
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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 

60 cm of ~250 mm 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 Basper grassland 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 

   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 to rainfall of a degraded Imperata 

grassland (Basper, 3.2 ha) was compared with that of a 23-year-old ‘reforest (Manobo, 8.75 

ha) having 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 streamflow, precipitation, 
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groundwater and soil water for geochemical and stable isotope analysis. The response of the 

grassland 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. 
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