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A FRAMEWORK FOR ASSESSING THE CUMULATIVE EFFECTS OF CLIMATE 
CHANGE AND ANTHROPOGENIC ACTIVITIES ON MADEIRA WATERSHED 

HYDROSEDIMENTOLOGY 
 Trey Crouch 1 & David Kaplan1 

ABSTRACT – Like much of the Amazon basin, the Madeira River watershed is in a state of transition, 

driven by land-use/land-cover change (LULCC), hydropower development, and a changing climate. 

In this study, we present a non-parametric framework to quantify the sensitivity (or elasticity) of 

Madeira River flow (Q) and sediment load (Qs) to projected changes in climate (potential 

evapotranspiration and rainfall) and proposed development. An empirical model from the literature 

was used to predict present-day, long-term sediment loads. This simple model, referred to as 

“BQART”, is the basis for the distributed rainfall-runoff, sediment load estimations to be used in the 

elasticity analysis. Preliminary results show that the empirical model performed fairly well, 

overpredicting long-term sediment load for the Porto Velho monitoring station by 8% and under-

predicting sediment load by 14% at the Rurrenabaque station. Deviations between observed and 

estimated Qs may be due to underestimating human impacts (e.g., deforestation and land clearing 

for agriculture) and sediment trapping. These preliminary results show promise for continuation of 

the proposed modeling framework, which consists of comparing BQART model results for present-

day conditions with alternative scenarios that include projected climate and development as 

separate inputs. We hypothesize that the sediment trapped by planned dams will exceed that of the 

climate change and LULCC-induced increases in sediment load. Resulting sediment trapping is 

expected to significantly change suspended sediment concentrations and grain size distributions. 

The proposed model will also provide a platform for inferring and testing hypotheses about changes 

to dominate sediment production processes and optimal dam scenarios. Major assumptions and 

shortcomings of the model and elasticity analysis are discussed throughout.  
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1.1 - Introduction 

The Madeira River watershed comprises approximately 20% of the Amazon Basin (1.3 million 

km2; Figure 1) and is one of the major tributaries of the Amazon River, with an average flow rate of 

31.200 m3 s-1 (WCS, 2018). The Madeira also carries nearly 50% of the Amazon’s total sediment flux. 

For additional perspective, 90% of the total Amazon River sediment load comes from the Madeira, 

Ucayali and Marañon basins. Making up just one seventh of the of the Amazon by area, these 

Andean headwater basins highlight the importance of smaller, mountainous catchments to the 

overall sediment load the Amazon River discharges into the Atlantic Ocean (WCS, 2018; Guyot et 

al., 1996). Forsberg et al. (2017) showed that three planned mega-dams in the Andes Mountains of 

the Amazon watershed are predicted to reduce sediments from the Andean region by 69% (see 

Figure 1 for location of planned dams in just the Madeira basin). Additionally, several authors have 

suggested that climate and land use change is expected to increase wet and dry extremes 

throughout the Amazon basin (Guimberteau et al., 2013; Marengo and Espinoza, 2016; Sorribas et 

al., 2016; Zulkafli et al., 2016), resulting in changes in the sediment load regime at the long-term 

average and sub-annual temporal scales. Although a decent body of literature exists for the 

individual or coupled effects of these driving forces on hydrology or sediment yields (e.g. Coe et al., 

(2009), Khanna et al., (2017), Guimberteau et al., 2017), little research has attempted to synthesize 

and quantify the cumulative effects of climate and land use change on hydrosedimentology in 

combination with the trapping effects of dams. A notable exception is the recently published paper 

by Latrubesse et al. (2017), who created an index that took into account the cumulative effects of 

projected numerous dams in a single basin, deforestation, and fluvial dynamics of flow and sediment 

flux. In their paper, a major call was made to start considering basin-wide and multi-driver analyses 

of future development scenarios. This research gap is what motivates this work. The objective of 

this paper is to present a framework to quantify the sensitivity of runoff and sediment load to 

changes in climate, LULCC, and planned dams in the Madeira River basin at the sub-catchment, 

basin, and landscape scales. 

Hydrosedimentological models are useful tools for identifying and studying intra-basin 

processes at the long-term average and seasonal temporal scales. Using mechanistic or physics-

based models at the large watershed scale is often restrictive given high computational and user 

experience requirements, and in poorly gauged regions, like the Amazon, due to possible data 

limitations. Many authors (e.g. Seyfried & Wilcox (1995); Beven (1989); Merritt et al. (2003)) have 

also pointed out that small-scale, point source or plot data (e.g. saturated soil hydraulic conductivity 

from soil samples) may lose physical significance at much larger scales (i.e. at a distributed model’s 

grid scale), because of differing dominant processes and characteristics at different scales. Thus, at 
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larger landscape and watershed scales, statistical regressions and/or simplified process 

conceptualizations are considered adequate, because such simplifications better capture an 

effective average of smaller scale, heterogeneous processes (Thorp et al., 2008; Meitzen et al., 

2013).  

 
Figure 1 – Madeira river basin upstream of Porto Velho. This map shows the existing, under-

construction and planned dams upstream of Porto Velho. 
 

In addition to presenting the modeling and “elasticity” framework mentioned above, we here 

also test an aggregated empirical model used for estimating long-term average sediment load for 

the Madeira watershed and (Syvitski and Milliman, 2007). This model is based on a multivariable 

regression analysis of several catchment characteristics of a global dataset of 488 watersheds and 

is the basis of the distributed rainfall-runoff-sediment model, presented in Cohen et al. (2014), that 

will be used for the quantification of Madeira river sediment load and discharge sensitivity to 

different dam, land use, and climate change scenarios.  

1.2 - Methods 

1.2.1 - Empirical model for long-term average sediment load 

Before introducing the proposed modeling framework, a simple empirical model - hereafter 

referred to as the “BQART” model (see below equations (1) – (3)), was tested to assess the 

framework’s utility. The BQART model is based on a multivariable regression analysis in which 

catchment river flow, contributing area, maximum relief, and temperature were identified as 

explaining more than 66% of the variability of sediment load across catchments from around the 

world (Syvitski and Milliman, 2007).  Syvitski and Milliman, (2007) found that by adding a “B” factor 

(calculated with geology, percent ice cover, sediment, and human-induced erosion factors easily 
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derived from readily available data layers) 95% of variability of Qs across catchments could be 

explained. 

Sediment Load: 𝑄𝑠̅̅̅̅  = ω*B*Q0.31*Area0.5*Relief*Temp  (1)  

B = IL(1−Te)Eh (2)  

I = 1 + 0.09Ag (3)  

where ω is a units conversion factor (ω = 0.02 for units of kg/s, or ω = 0.0006 for MT/yr), Q is water 

discharge (km3 yr-1), B is a “geology and human” factor, I is an ice cover coefficient, Ag is percent 

watershed area covered by glacier (0-100%), L is a lithology coefficient (0.5 – 3.0), Te is sediment 

trapping in reservoirs, lakes, and wetlands (0-100%), and Eh is a human-influenced soil erosion 

factor based on population density and gross national product (GNP, 0.3-2.0).  

This model was applied here to two hydrometric stations in the Madeira basin (see figure 1 

and Table 1 below) where sediment is also being monitored and publically available.  

Table 1 – Fluviometric stations  

Code Station name City Surveyed period 

15400000 (ANA) Porto Velho (PVH) Porto Velho 1968 – present 

15275100 (SENAMHI 
Bolivia-HYBAM) 

Rurrenabaque (RURR) Rurrenabaque 1996 – present 

 

1.2.2 - Rainfall-runoff and Sediment Modeling  

The Water Balance Model-sed (WBMsed) model is proposed because of its successful use in 

various watersheds (Wisser et al., 2010; Cohen et al., 2013). WBMsed is a fully distributed sediment 

flux model extension of the WBMplus hydrological model (Wisser et al., 2010). WBMplus, 

implemented in the Framework for Aquatic Modeling of the Earth System (FrAMES, Wollheim et al., 

2008), is a conceptual water balance/transport hydrological model that was developed for modeling 

continental rivers in response to changing environmental conditions (Cohen et al., 2013; Cohen et 

al., 2014). WBMsed uses an empirical equation for estimating sediment load similar to that 

proposed by the Universal Soil Loss Equation family of models (USLE, Revised USLE - RUSLE, Modified 

USLE - MUSLE, etc.; Kinnell, 2010). WBMsed extension of WBMplus converts the “BQART” model, 

Equations (1)-(3), into a spatially and temporally distributed form (see Cohen et al. (2013) for model 

development).  

 This model will be calibrated using present-day hydrology and sediment load at a monthly 

time scale. Once calibrated, published land use and climate change scenarios (one business-as-usual 

and one moderate land use change scenario) will be used as model input to assess the effects of 

land-climate coupled changes to flow rate and sediment load (see Figure 2 below for a flowchart of 
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the proposed multi-driver, sediment modeling framework). In addition to modeling the land-climate 

coupled effects on Q and Qs, the proposed dams in Madeira basin will be added separately to the 

model in three different scenarios (1. Complete dam build-out; 2. Moderate; 3. Complete build-out 

of individual watershed, i.e. Beni-Madre de Dios and Mamore Rivers).  

  

  

Figure 2. Model and scenario flowchart illustrating the overall framework for quantifying the 
cumulative effects of the multiple drivers. 

 Preliminary results from the modeling portion of the framework are in progress and will not 

be presented here, but rather at the XIII ENES meeting. Major model assumptions, however, will be 

discussed in the final discussion and conclusion sections.  

1.2.3 - Elasticity Framework 

The following is the sensitivity (or elasticity) framework that will be used to interpret and 

compare the projected Qs and Q scenarios as modeled by the above.  Elasticity can be generically 

defined as the percent change in one variable given a unit percent change in another (Harmon et al. 

2011). Elasticities can be used for any system component to capture a given change on the long-

term or equilibrium state of the component with respect to other system components, which is 

preferable to a simple percent difference not taking into account the relationship between 

components (Harmon et al., 2011). Schaake (1999) introduced the concept of elasticity for 

evaluating the sensitivity of streamflow to changes in climate (i.e. rainfall (P), and potential 

evapotranspiration (PET)) with the following equations:  

𝜀𝑝(𝑃, 𝑄) =  
𝑑𝑄/𝑄

𝑑𝑃/𝑃
=  

𝑑𝑄

𝑑𝑃

𝑃

𝑄
     (4) 
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𝜀𝑝𝑒𝑡(𝑃𝐸𝑇, 𝑄) =  
𝑑𝑄/𝑄

𝑑𝑃𝐸𝑇/𝑃𝐸𝑇
=  

𝑑𝑄

𝑑𝑃𝐸𝑇

𝑃𝐸𝑇

𝑄
   (5) 

Where 𝜀𝑝 and 𝜀𝑝𝑒𝑡 are the elasticity factors for changes in P and PET. Similar elasticity factor 

equations can be written for changes in Qs with respect to changes in climate (i.e. T and Q(P, PET) 

used in the BQART equation), and Eh. Elasticity factors will be calculated on water balance 

components and sediment loads projected by WBMsed with respect to present-day conditions. 

With the commonly used equilibrium assumption that water storage changes are negligible 

over the long term, and employing the widely used Budyko hypothesis, which states that a 

functional relationship exists between actual ET and the two major climate variables P and PET, the 

following will also be used to interpret model results (Sankarasubramanian and Vogel, 2001).  

𝜀𝑝(𝑃, 𝑄) +  𝜀𝑝𝑒𝑡(𝑃𝐸𝑇, 𝑄) =  1   (6) 

Results from the elasticity analysis will be displayed in multi-parameter space to illustrate the 

range of different projected flow and sediment scenarios. The proposed methodology is to present 

a Qs sensitivity plot, like the example presented in Figure 3 adapted from Roderick and Farquhar 

(2011), replacing Q with Qs, for each of the dam and land-use scenarios.  

 
Figure 3 Example of water balance component sensitivity analysis. To illustrate, if we have a 

projected 8.1 ± 1.4% reduction in P (Spracklen and Garcia-Carreras, 2015) and an estimated 18-23% 
increase in PET by the 2050s in the Amazon (Arnell, 1999), then we can highlight an area on the plot that 

would tell us that we could expect a -40 to a -60% change in flow, Q, using this figure (originally constructed 
for a catchment in SE Australia). Adapted from Roderick & Farquhar (2011). 

1.3 - Preliminary Results 

Here we present results for long-term mean annual sediment loads at the Rurrenabaque and 

Porto Velho fluviometric stations using the BQART model (eq. 1-3). These estimations are based on 

data from Brazil’s Nation Water Agency (ANA), Bolivia and Peru’s National Meteorology and 



   

XIII Encontro Nacional de Engenharia de Sedimentos 
I Partículas nas Américas 

7 

Hydrology Service (SENAMHI), and France’s IRD-HYBAM program (Vauchel et al., 2017; Molina-

Carpio et al., 2017). Table 2 results show that the BQART model overpredicted the long-term 

sediment load for the Porto Velho sediment monitoring station by +8% and under-predicted the 

Rurrenabaque station’s sediment load by -14%, respectively.  

Table 2 – BQART model inputs and results for long term average sediment loads for Rurrenabaque and 
Porto Velho fluviometric station.  

  PVH Vauchel et al. (2017) RURR Vauchel et al. (2017) Units 

Qs 477 441 (+8%) 165 192 (-14%) MT yr-1 

B 0.71   2.19   - 

I 1.0072   1.096   - 

L 1   2   - 

Te 33%   0%   - 

Eh 1   1   - 

Q 556   63.5   km3 yr-1 

A 980,241   70316   km2 

R  6.384   6.217   km 

T 25   20     ͦ C 

 

1.4 - Discussion 

 Underestimation of the long-term Qs for the Rurrenabaque catchment may be due to 

underestimating human impacts, Eh.  In Syvitski & Milliman (2007), the human-influenced erosion 

factor, Eh, is estimated in a coarse 0.5° by 0.5° resolution map, where values range from 0.3 – 2.0 

depending on population density and gross national product per capita (GNP/capita). Syvitski & 

Milliman (2007) present the entire Amazon Basin as Eh = 1, as a mixed or low human footprint 

containing a mixture of the competing influences of soil erosion and conservation (i.e. Population 

density < 50/km2). This may not be the case in the steep Andes foothills (Yungas) region of the 

Rurrenabaque catchment, where even a low impact selective logging or agricultural practices may 

cause significant changes in erodibility. This LULC-lithology related underestimation goes hand in 

hand with the lithology factor, L, in which landslide or mass-movement erosion activity may be 

under-represented. For this reason, the L factor was set to two for the RURR catchment.    

 An important assumption of the coarsely calibrated model parameters, such as Eh or climate 

parameters, is that they are based on stationary assumptions. A stationary timeseries of data of an 

ecosystem component can be defined by its statistical properties (such as mean, variance, 

seasonality, event inter-arrival time, etc.) not changing in time. Determining the composite effects 

of human and climate factors for long-term averages of sediment load is like trying to hit a moving 

target as each year brings a changing long-term, average state especially with the non-stationarity 

of ecosystems (Syvitski & Milliman, 2007). To considering non-stationarity it will be important to 
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consider inter and intra-annual hydrosedimentology as proposed above. However, the above serves 

as a coarse test of the underlying BQART model for the RURR catchment. 

 For the PVH catchment, we expect the overestimation of Qs is due to the underestimation 

of sediment trapping. The above was calculated using trapping efficiency estimations from Vauchel 

et al. (2017) that showed the Madeira watershed upstream of Porto Velho on average naturally 

traps ~33% of the sediments produced in the Andes. While, other literature cites sediment trapping 

rates as high as 50% in the lowlands (Guyot et al., 1996; Wittmann et al., 2009). These preliminary 

results show promise for the proposed modeling framework considering that the percent difference 

errors are under those associated with measurement errors (Topping et al. 2011; Topping and 

Wright 2016).  

 Applying the proposed sediment load modeling framework (Fig. 2, requires a number of 

underlying assumptions. First, hydrological calculations are based on a simple pixel-by-pixel water 

balance that does not rout water overland or through soil or groundwater systems, but instead uses 

conceptual linear reservoir coefficients with first-order decay, which are calibrated to observed 

data. While not physically based, this type of distributed, conceptual water balance modeling is a 

widely used methodology (Seyfried & Wilcox, 1995; Beven, 1989; Merritt et al., 2003). Any errors in 

flow calculation will cascade to sediment estimation, since Q is a primary variable driving the 

distributed WBMsed model (Cohen et al., 2013; 2014). Additionally, WBMsed is not a physically 

based, or even a conceptual sediment production model, but instead uses empirical relationships. 

Thus, from our model results only inferences, grounded in the literature, can be drawn about the 

spatial and temporal heterogeneity of dominate sediment production processes. This is due to how 

the model estimates Qs at each pixel based on the BQART multi-parameter regression equation 

without considering detailed erosion, deposition, and transport processes. 

1.5 - Conclusions 

Deviations between observed and BQART-estimated sediment load (Qs) were small enough to 

give confidence to the authors to use the WBMsed model as a basis for analysis of the cumulative 

effects of dams, land use and climate change on the Madeira Basin. Compared to other modeled 

sediment load estimates in the literature, e.g. Buarque et al. (2016); de Vente et al. (2013), the 

coarse BQART long-term average estimate compares relatively well considering little parameter 

adjustments (or calibration) needed, with the exception of the L parameter related to the steep 

foothills of the RURR basin. Preliminary results of the WBMsed modeling will be presented at the 

XIII Brazilian Meeting of Sediment Engineering in September of 2018.  

Future work will entail comparing the WBMsed model to more process-based 

hydrosedimentological models, i.e. MGB-SED (Buarque et al. 2016), and index-based models to 

better infer predominate sediment processes and inter and intra-annual heterogeneities.   
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