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Abstract

A hierarchical system of simple, geostatistical-based, artificial neural networks (ANNs) have been developed to enhance existing geographic information system (GIS)-based watershed management tools for diagnosing geomorphic instability at a variety of sub-basin and watershed scales. Two ANNs originally developed for the classification of reach-scale vulnerability and geomorphic condition have been tested (in concert with best judgment by experts) using existing data for two Vermont watersheds. These ANNs will support future development of modules to enhance land use management at the watershed scale to better predict geomorphic instability and sediment transport in response to natural and anthropogenic stresses. 
Introduction and Background

Many of our nation’s waterways are in unstable condition, with substantial quantities of sediment being mobilized to receiving waters. Channel instabilities have resulted in degraded quality of surface water supplies, loss of agricultural lands, damage to infrastructure, and mobilization of phosphorus and other sediment-related toxics.  Community stakeholders and ecosystem restoration managers are faced with the challenge of integrating data from disparate sources informing them of the condition and vulnerability of their waterways.  Tools are needed to assist communities in organizing this data and prioritizing actions (restoration, conservation, channel management) on a watershed or basin scale, with limited available resources.  

Watershed Classification

For channel management efforts to have the greatest degree of success, it is critical for watershed stakeholders to have a clear understanding of the dominant processes of channel adjustment, the proximity of channel conditions to thresholds for instability, the spatial and temporal context of channel adjustments occurring at a given site, and a prediction of the future channel adjustment sequences (Simon, 1995; Harvey & Watson, 1986). Current classification systems do not fully integrate these process-based questions in ways that are geographically transferable and independent of spatial and temporal scales (Goodwin, 1999).  

The Rosgen system (1994, 1996), one of the most widely used classifications, can be translated across geographic regions with minimal modification, and has done much to create a standardized river restoration language amongst practitioners from varied disciplines.  However, Rosgen is a classification system based on form, and not process.  While it can be argued that form follows process, this is a simplification that does not adequately address the fact that varying processes may result in similar forms. Often, Rosgen is utilized in combination with Montgomery & Buffington (1993) using observation of dominant bedforms to infer sediment supply/transport capacity relationships at a given watershed location. The Rosgen - Montgomery & Buffington hybrid classification system moves closer to being process-based.  However, it has limitations when used to classify unstable channel reaches, and does not adequately address thresholds for channel stability or how channel adjustments may be expected to progress through time and space at a given watershed location.   

Channel evolution conceptual models have been proposed by Schumm et al., 1984 (later modified by and Simon and Hupp, 1986 and Simon, 1989). These models distinguish between stable reaches and those which have shifted out of dynamic equilibrium in response to a natural or anthropogenic stressor. The channel evolution models describe the series of iterative changes in the vertical and lateral channel dimensions of a river reach in response to a single physical stressor that serves initially to lower (or degrade) the river bed. The assumption is that while multiple types of stressors may cause a river channel to degrade its bed, the response of the river channel at the stressor location, will be a similar progression through a predictable sequence of dominant channel processes: incising, widening, aggrading and planform change, followed by an eventual return to stable equilibrium. In addition to describing the progression of the river channel at a given point in time, the model can be substituted for progression of a river channel in space, upstream or downstream of the stressor exposure.  

While the Schumm channel evolution model is a useful foundational tool, it was created to describe channel adjustments observed in alluvial channels developed on loess sediments of southeastern United States, and assumes the absence of bedrock or other vertical grade controls.  Thus, it is not geographically transferable (e.g., to mountain basins). In many watersheds, vertical and lateral grade controls to channel adjustment often exist, due to the unique bedrock and surficial settings of the system.  Soils of highly variable erodibility exist longitudinally along the river corridor.  Vertical layering of lithologies exists in streambanks with varying permeabilities, cohesiveness, and pore pressures (which in turn vary with climatic conditions).  Variable riparian vegetation conditions exist along streambanks with variable hydrologic and mechanical controls on bank stability (Simon and Collison, 2002).  

In contrast to the Schumm channel evolution model, researchers have identified river reaches which have undergone channel narrowing following incision (Renaldi, 2003; Liebault and Piegay, 2001, 2002).  In Vermont’s Green Mountains, aggradation has been found to be the dominant process initiating a sequence of substantial lateral and vertical channel adjustments (Underwood, 2002; Barg, 2002).  Aggradation occurs in response to stressors such as upstream erosion or increased sediment supply, or a sudden reduction in channel gradient at a large woody debris jam, undersized crossing structure or dam.  Aggradation may also be a function of topographic and geologic boundary conditions of the watershed itself, resulting from a reduction in channel gradient at the transition from supply-limited to transport-limited zones (i.e., alluvial fans) (Schumm, 1977; Montgomery & Buffington, 1993). These transitional zones are locations of significant lateral adjustment in mountain basins in Vermont (Barg, 2002; Underwood, 2002) and Washington state (King County, 2003)

The Schumm channel evolution model is a single-stressor/ single-response model that has limited application at the watershed scale. The majority of river systems have experienced multiple stressors (of varying types and magnitudes) to multiple locations over centuries of human habitation. Stressors to channel stability range in scale from localized, “point-source” stressors (e.g., gravel extraction, channelization) to disperse, “non-point-source” stressors (e.g., increase in percent imperviousness in a portion of the watershed due to development or deforestation). The sequences of channel adjustments set in motion by these stressors have overlapped in time and space, as balanced by the presence of vertical and lateral grade controls (bedrock, cohesive soil layers, structures). The present condition and dimensions of a given reach are the manifestation of these dynamic channel adjustment processes, integrated over time and space.    

Huge public investments in time and resources will be required to develop and apply traditional physical-process-based models to simulate the complex and nonlinear processes inherent in channel dynamics. Models do not yet exist to address the multiple stressors/multiple media/multiple responses present in watersheds. Watershed stakeholders are in need of tools that aid in prioritizing channel and watershed management actions to optimize allocation of limited resources.  

Project Scope

The series of ANNs envisioned in this project will provide a tool for statistically-based, probability-based predictions, of channel condition, vulnerability, and sensitivity to future channel and watershed management choices. The architecture of the ANN suite is sufficiently flexible and versatile to allow for continual update and refinement in light of advances in our understanding of fluvial geomorphology with new and expanded physically-based models.  

Our hypothesis involves the distinction between vulnerability and sensitivity of a channel reach.  Vulnerability is defined as the set of geological, vegetational, and valley dimension parameters for a given reach which exist to limit or allow channel adjustment in response to a stressor(s).  Thus, a highly vulnerable reach may be in a state of dynamic equilibrium in absence of stressors.  Similarly, a low vulnerability reach may be in a state of dynamic equilibrium despite the exposure to a stressor(s).  Clearly, the magnitude of the stressor(s) and the degree of vulnerability are factors in this balance.   Sensitivity of a reach is defined as the ability it has to assimilate (accommodate) exposure to a stressor(s) with minimal “harm”  to the system resulting.  “Harm” to the system is quantified by the magnitude of channel adjustment (present or predicted) in response to a given stressor or combination of stressors.  It is hypothesized that the magnitude and extent of channel adjustment (Sensitivity) of a given reach will be a function of the reach’s vulnerability, its present condition, but also the condition of adjacent reaches and the number, magnitude, and location of stressors elsewhere in the watershed (as mitigated by, for example, presence of grade controls).  
Artificial Neural Networks (ANNs)

A hierarchical system of ANNs will be developed to characterize the extent of channel adjustment as a function of reach-scale vulnerability and present condition.  This paper will focus on two classification ANNs (vulnerability and gemorphic condition) that represent the main building blocks of this hierarchical system.  

ANNs are data-driven computational tools capable of performing classification, data dimensionality reduction, and/or modeling extremely complex, nonlinear functions.  
These ANNs were developed from a counter-propagation network previously used to classify soil properties and hydraulic conductivity measurements (Rizzo & Dougherty, 1994a, 1994b). The counterpropagation algorithm consists of two phases: a training phase and an interpolation phase. During training, the ANNs learn to map their inputs to their target expert classifications.
The counter-propagation networks used in this study have three layers: the input layer, the hidden layer (also known as the Kohonen layer), and the output layer (also known as the Grossberg layer).  When data are transferred between layers, they are multiplied by weighting factors, or “weights.”  The weights of the Kohonen and Grossberg layers are determined during training in an iterative process that continues until the targets have been successfully mapped (when ANN estimates converge to the target expert classification to a root mean square error of 1 x 10-6). At this point the weights are fixed, and the ANNs are ready to interpolate or classify new data points (ones that did not exist in the training set).  

A hierarchy of ANNs to enhance existing GIS-based watershed models for the prediction of watershed and subarea sensitivity to natural and anthropogenic stressors is shown in Figure 1. Following the hypothesis that the sensitivity of a channel is a function of its inherent vulnerability and geomorphic condition, the results from the Vulnerability and Geomorphic Condition ANNs should be the inputs for a third ANN that determines the sensitivity, or risk, of a stream reach. This sensitivity classification is valuable to stakeholders in need of tools to aid them in prioritizing channel and watershed management actions to optimize allocation of resources. 

Training Data Sets

Data from two watersheds in the Green Mountains of Vermont were used to develop the Vulnerability and Geomorphic Condition ANNs in this study (Table 1).
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Figure 1. Hierarchy of ANNs to determine stream sensitivity.

Table 1.  ANN Development Data Sets
	Watershed
	Lewis Creek
	Middlebury River

	Data Use in the ANNs
	Training Data Set
	Interpolation Data Set

	Land Area
	210 km2
	163 km2

	Land Use Distribution
	Forest / Wetland:  70%

Agricultural:  24 %

Developed (Rural Residential):  6%
	Forest / Wetland:  87%

Agricultural:  12 %

Developed (Rural Residential):  1%

	Elevation Range
	Highest Point:  239 m

Lowest Point:  116 m
	Highest Point:  640 m

Lowest Point:  105 m

	No. of Stream Reaches
	20 
	19







(Underwood, 2002, 2003)












Vulnerability ANN
Inputs for the Vulnerability ANN were the geologic and vegetational boundary conditions shown in Table 2, which, at the reach scale, are governing factors for channel adjustments in response to stressors.  Data were compiled on a reach basis from remote sensing of available topographic, orthophoto, soils, geologic, and landuse mapping coverage. Parameters were ground-truthed through windshield surveys of the basin in question (VTDEC, 2002).

Geomorphic Condition ANN
Inputs for the Condition ANN consisted of rapid geomorphic assessment (RGA) scores which are derived from morphologic observations and site-specific data (VTDEC 2002).  Field data were aggregated to the reach scale. The result is a geomorphic condition ranking (Poor, Fair, Good or Optimum) for each of four categories of vertical and lateral adjustment characterizing the degree of: 

· Incision/Degradation 

· Widening

· Aggradation

· Planform Change
Table 2.  Input Variables for Vulnerability ANN
	Reach-level Vulnerability

Variables
	Variable Cases
	Description (modified after VTDEC, 2002)

	Vertical Grade Controls
vertical grade control presence/absence in the reach
	No Grade Control
	

	
	Constructed Grade Control
	Culvert

	
	Natural Grade Control
	Bedrock, Boulder

	Channel Slope
	Percent Gradation of Channel
	

	Median Stream Bed 
Sediment Size, D50
	Sand
	>0.062 to 2 mm

	
	Gravel
	>2 to 64 mm

	
	Cobble
	>64 to 256 mm

	
	Boulder
	>256 to 4096 mm

	Riparian Buffer 
Widths
	≤ 1.5 m
	

	
	1.5m to 7.6m
	

	
	7.6 m to 15.2 m
	

	
	15.2 m to 30.5 m
	

	
	>30.5 m
	

	Parent Material 
Erodibility
	Alluvium
	High Erodibility

	
	Ice Contact, Glacio-fluvial
	High Erodibility

	
	Glacio-lacustrine
	Moderate-High Erodibility

	
	Glacio-marine
	Moderate-High Erodibility

	
	Glacial Till
	Moderate-High Erodibility

	
	Tallus / Colluvium
	Low Erodibility

	
	Bedrock
	Low Erodibility


RGA scores for each category and the relationship between scores for each category characterize the present geomorphic condition of river reaches and the dominant process(es) of adjustment.   In the Middlebury River watershed, Dewolfe et al. (2004) found correlations between RGA scores and bank erosion. Reaches that received poor RGA scores had more bank erosion and sedimentation than other reaches. 

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	


ANN Training
Data from the Lewis Creek watershed, along with the experts’ classifications, were used to train two classification ANNs: one for Vulnerability and one for Geomorphic Condition. Each of these two ANNs behaves as an expert system. A previous study performed ANN training based on one expert opinion (Underwood and Rizzo, 2003).

To create the training data sets for the Vulnerability and Geomorphic Condition ANNs, four geomorphology experts were presented with the input data for 20 contiguous reaches of the Lewis Creek.  These experts were first asked to classify the vulnerability of each stream reach on a scale of 1 (low) to 7 (high), where vulnerability is defined as the susceptibility of a stream reach to lateral and vertical adjustments when exposed to a stressor(s), based on its inherent characteristics and boundary conditions.  Experts classifications were averaged together. Figure 2 is a map of the Lewis Creek watershed with the mean values of vulnerability from these four experts depicted by gradational shading.
The four experts also rendered their opinions on the geomorphic condition of Lewis Creek reaches.  Figure 2 shows the average expert classification as a numerical value, on a scale of 1 to 4 where 1=optimum, 2=good, 3=fair, and 4=poor.  
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Figure 2. Lewis Creek watershed GIS layer with vulnerability and geomorphic condtion classifications determined from interviews with expert geomorphologists.













Results and Conclusions
Utilizing the internal weights fixed in the training phase, the Vulnerability and Geomorphic Condition ANNs were tested on geomorphic data from 19 contiguous reaches of the Middlebury River.  Data were fed into the input layer of each ANN, and the ANN classified the data. The output of both ANNs was compared to the average of the expert classifications for the Middlebury River.  Figure 3a shows the results of the Vulnerability-ANN next to the mean expert classifications for each of the 19 stream reaches. Similarly, Figure 3b compares the results of the Geomorphic Condition-ANN to the expert opinions for stream reach geomorphic condition. While a visual inspection of Figure 3 provides significant insight into the amount of agreement between the the Lewis Creek-trained ANN classifications and the expert classifications of Middlebury River, a more objective measure of agreement is the coefficent of efficiency, R2  (see Underwood & Rizzo, 2003).   










Model performance for the Vulnerability ANN, is represented by an R2 value of 0.486.  Model performance for the Geomorphic condition ANN is represented by an R2 value of 0.729.  The Vulnerability ANN classifications were in agreement with the average-expert classifications for 6 of the 19 reaches, while an additional 11 reaches differed by only one category (Figure 3a).  The Geomorphic Condition ANN classifications were in agreement with the average-expert classifications for 15 of the 19 reaches, while the remaining 4 differed by only one category (Figure 3b).    
Figure 4 shows the ANN classifications for Middlebury River on a map of the 
watershed created in GIS.   
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Figure 3. Comparison of reach-level classification provided by experts and (a) Vulnerability ANN, R2=0.486 and (b) Geomorphic Condition ANN, R2=0.729.



Variability in geomorphic condition classifications by the experts is illustrative of the differences in how they weight adjustment processes in the overall geomorphic condition of the watershed. Reasons for experts weighting processes differently may include differences in training, experience, exposure to rivers in various geographic settings, and preconceived notions about conceptual models applicable to the watershed in question. For example, experts supportive of Schumm’s channel evolution model might weight incision more heavily than widening, aggradation, or planform change. In this study, none of the experts used a simple arithmetic average of the scores for each adjustment process to assign overall geomorphic condition of the reach. 
In general, the value of classification ANNs is the development of a systematic process for articulating and documenting the expert’s tendency to weight certain factors more strongly than others in determining a classification. This proof-of-concept development of reach-level Vulnerability and Condition ANNs, weighed all input parameters equally. However, the ANN architecture will allow for further refinement of these relationships in future phases of research by adjusting the weights of individual parameters.  
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Figure 4. Middlebury River watershed with vulnerability and geomorphic condition classifications determined by Vulnerability ANN and Geomorphic Condition ANN.








This study showed that ANNs trained on one watershed were able to classify vulnerability and geomorphic condition for another watershed in the same geographic setting. Results were in good agreement with the average-expert classifications.  Geographic independence is envisioned for the hierarchy of ANNs to be developed (that will incorporate the Reach-level Vulnerability and Condition ANNs as individual modules).  The efficient process of the ANN development and training would be the same across geographic regions.  Each geographic region of the nation or world, given unique climatologic and geologic settings, would likely vary somewhat in their input parameters.  
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