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Rainfall-runoff processes in Southeast Asian forests

Nick A Chappell1, Mark Sherlock1, Kawi Bidin2, Sukanya Vongtanaboon3
This study attempts to generalize the rainfall-runoff processes operating in forests of tropical Southeast Asia. Rainfall-runoff processes are the water pathways from rainfall to streams or rivers and are also called ‘runoff pathways’ or ‘streamflow generation processes’. We need information on runoff processes as they regulate: (i) the flashiness of rivers, (ii) the recharge of deep aquifers, (iii) the location and magnitude of soil erosion and mass movement and (iv) the movement of solutes. Over the last 50-years, runoff pathways have been studied as part of the discipline of ‘hillslope hydrology’. So if hillslope hydrologists produce inaccurate perceptual models of runoff pathways then others such as Global Climate modellers and forest managers may produce inaccurate computer simulations or counterproductive land-management policies. Despite this importance, there are very few hillslope hydrological studies in Southeast Asia so that any attempt at a generalization of processes needs to examine all data from the wet and seasonally wet tropics.
We first need to ask whether a general conceptual model of the dominant runoff pathways in the humid tropics (including seasonally wet tropics) already exists. In 2001, Helmut Elsenbeer developed such a model, which was further extended by Mike Bonell in 2004. We would like to demonstrate that much remains to be done in developing such a model. This is because of seven key factors. First, there is inadequate replication of runoff studies in the tropics. Second, the role of regolith (where present) is ignored. Third, the role of deep aquifers (where present) are similarly ignored. Fourth, little attention is given to the role of ‘natural soil pipes’. Fifth, little attention is given to larger-scale phenomena seen within river hydrographs. Sixth, engineering terms are often confused with process/scientific terms, and lastly, contradictory field evidence is sometimes ignored. We suggest that any new general conceptual model needs to: (i) be consistent with field evidence, (ii) be simple, (iii) be capable of being tested, and (iv) be comprehensive or inclusive. 
The new general conceptual model that we present for the first time is shown schematically in Fig. 1 and is called the ‘DELTA-model’. It is called the DELTA-model as it categorises the runoff behaviour of all humid tropical regions into four types, having one to four strata; delta is the fourth letter of the Greek alphabet. The upper most strata is the topsoil plus organic and litter layers (0 to approximately 0.2 m), the next strata is the subsoil (B soil horizon: ~0.2 to 2 m), then a regolith strata (~2 to 20 m) and finally a permeable rock (deep aquifer) strata (below ~20-200 m). Thus strata depth increases logarithmically with 
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Fig. 1   Schematic diagram of the DELTA-model of tropical runoff processes
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depth, and critically any location has between one and four of these strata. Each strata may contain vertical flow and/or lateral flow components. We suggest that the models of Elsenbeer and Bonell primarily focus on a classification based on the relative magnitude of vertical and lateral flow components within the subsoil horizon. We, in contrast, highlight the possibility of deeper flow paths in regolith or deep aquifers. 

Elsenbeer, in particular, distingushes ‘Ferralsol’ hillslopes with predominantly vertical flow pathways in the subsoil and ‘Acrisol’ hillslopes with predominantly lateral flow pathways within the subsoil. We have already demonstrated (e.g., Chappell and Sherlock, 2005. Earth Surf. Process. Land., 30, 735-753) that this model is inconsistent with field observations, particularly of the most reliable tracer studies. We tentatively suggest that clay mineralogy (and not soil type alone) is important for generalizing the vertical distribution of soil permeability and hence the balance between vertical and lateral flow components. The work of, for example, Paul Driessen shows that the permeability of a Ferralsol is dependent whether the subsoil is dominated by Gibbsite, Kaolinite or 2:1 clays (e.g., Smectite). We show that this information for Ferralsol, Acrisol and Alisol soil types is consistent with measured permeability data for the range of key hillslope hydrology studies in the humid tropics. Further, that the scale between subsoils dominated by vertical flow and those dominated by lateral flow correlates most consistently with the scale from very stable (Gibbsite) to unstable (2:1) clays. This model we called the clayK-model and we incorporate it within the DELTA-model (Fig. 1).
We are the first to acknowledge that this runoff model needs much more testing and development. As we improve the model we aim to utilize it within the assessment of the impact of forestry and forest change on runoff pathways. Given that extensive areas of Southeast Asia are experiencing or have experienced high rates of forest change, and given the current debate about forestry impacts on runoff pathways, we cannot wait for this model to be fully developed before we address land-use change impacts on hydrology. 
One of the hydrological impacts within Southeast Asian forests is the impact of commercial timber harvesting on the permeability of topsoil. We know from studies around the tropics that at a local scale (<10 m2), permeability reduces significantly as skid trails or forestry roads are added, and the amount of infiltration-excess overland flow then increases. The more difficult question to answer is whether this impacts on the stream hydrograph at scales of 10 to 1000 ha. Our recent modelling work has examined this question for several catchments in Southeast Asia managed for commercial timber production. To constrain the uncertainly in our derived model parameters, we have used the Data-Based Mechanistic (DBM) modelling approach, as it finds model structures with few parameters and explicitly calculates uncertainty in the parameter values. By applying this approach to rainfall-runoff records from one Bukit Berembun catchment in Peninsular Malaysia for two years prior to the first episode of selective felling and two years after, we derived runoff characteristics (model parameters) that were not statistically different between the two periods. The key characteristic of the ‘Time Constant’ (or residence time of the runoff response) for the post-logging period was 23.47 ± 0.7 days, and hence not significantly different from the 23.06 ± 0.19 days prior to road construction and timber harvesting (Chappell et al., 2004. Forests, Water & People in the Humid Tropics, 513-532). 
Overland flow along forestry skid trails is considered by some to be a key factor changing the flashiness of rivers following forestry. We have applied the same techniques to simulate the effects of the different densities of skid trails associated with clearfelling, conventional selection felling and Reduced Impact Logging. The model structure that we developed to simulate these differences we call the ‘BARUMODEL’ as it was based on spatially-distributed rainfall-runoff characteristics from the Baru catchment in Sabah, East Malaysia. In this particular study we were able to show that the greater skid trail density of clearfell compared to selection systems increased the peaks of the overland flow hydrographs, but because: (i) the hydrograph was still dominated by subsurface flow and (ii) the overland flow arrives in the stream on the rising stage, the hydrograph remains almost unaffected. Similarly small changes were seen with the RIL scenario (Chappell, Tych, Chotai, Bidin, Sinun and Thang, 2005. For. Ecol. Manage., in press).
In conclusion, we suggest that simple models of runoff processes appropriate for the Southeast Asian tropics need to include deeper strata of the regolith and deep aquifers where present, and that the way that the subsoil strata regulates runoff pathways in strongly conditioned by the clay mineralogy. Further, the way that forestry or forest change impacts on runoff pathways must be observable in large scale data before we generalise our observations. Indeed, we may be unduly negative about the impact of forest cutting or afforestation if we do not consider this point, and consequently miss out on the benefits of sustainable forms of forestry management.
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