
ABSTRACT 

BURROUGHS, KAITLIN. The Effectiveness of Trail Drainage Features: A Field 

Assessment Tool and an Examination of Influential Factors. (Under the direction of Dr. Yu-

Fai Leung). 

 

Park and protected area managers combat trail degradation by constructing and 

maintaining trail drainage features (TDFs), and trail sustainability depends on the effectiveness 

of these features in diverting surface runoff from the trail tread. While trail construction 

guidelines and handbooks are common, little empirical research has been devoted to examining 

the factors that influence the effectiveness of TDFs, nor are field tools to assess their 

conditions. This study aims to better understand TDF effectiveness with two objectives: 1) 

developing and testing a field TDF assessment method, and 2) examining key factors that 

influence the effectiveness of TDFs. This study took place on the Appalachian National Scenic 

Trail (AT) in the summer of 2015. Twenty-one 5-km segments were chosen along the northern 

one-third portion of the AT from Connecticut to Maine using a generalized random tessellation 

stratified (GRTS) sample design. In each segment, every fifth TDF was assessed, resulting in 

a sample size of 117 TDFs. The field assessment tool consists of 27 measurements in four 

categories, including TDF characteristics, sediment characteristics, trail characteristics, and 

maintenance along with an effectiveness rating adopted from a previous study. The assessment 

tool was presented and inter-rater reliability reported in the first paper. Results showed a 

moderate agreement for measurements trench depth, trail grade, and canopy cover and high 

agreement on measurements material type, structural stability, and trench extension. The 

factors influencing the effectiveness of TDFs were examined using logistical regression and 

contingency. TDF height, trench depth, erosion presence downhill, and the overall 

effectiveness rating were selected as effectiveness indicators (dependent variables). Analysis 



results indicated TDF thickness, TDF length, trail slope alignment (TSA) angle, and material 

type were four key factors influencing TDF effectiveness. A wood material type, larger 

thickness, and higher TSA angles (closer to 90 degrees) correlated with positive (deeper) 

trench depth levels, while TDFs with longer lengths correlated with undesirable TDF height 

levels. The study concludes with a developed field assessment tool that land and trail managers 

can use to better understand the effectiveness of existing TDFs within their jurisdiction. 

Additionally, recommendations are given for the best scenario in which to build and maintain 

TDFs, such as contoured trails (trails with TSA angles closer to 90 degrees) with a maximum 

tread width of 2m using wooden materials that are a minimum of 12cm thick. Additional 

research is needed on larger-scale drainage features such as grade reversals and trail side 

sloping, as well as comparative studies of how these systems work in relation to TDFs.  
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CHAPTER 1: General Introduction 

 

1. Study background 

 

Recent research indicates that involvement in activities outdoors is beneficial and 

restorative for the health and well-being of individuals (Greenleaf, Bryant, & Pollock, 2014; 

Mass et al., 2006; Townsend & Moore, 2005). A variety of recreation activities take place in 

protected areas such as hiking, backpacking, horseback riding, mountain biking, and wildlife 

viewing, all of which occur directly on or near footpaths or trails (Bosworth 2007; Kidd et al. 

2014). Well-maintained trails can reduce impact to surrounding natural resources by 

concentrating visitors to a fewer number of linear paths (Marion, 1994; Tomczyk & 

Ewertowski, 2013) and may increase visitor satisfaction, which has been linked to vegetation 

and soil conditions that occur along or near trails (D’Antonio et al., 2013; Dorwart, Moore, 

Leung, 2009; Moore et al., 2012). Visitor use has been linked to trail degradation, though the 

problem is also influenced by poor trail design and maintenance (Garland, 1990; Leung and 

Marion, 1999; Marion et al., 1993; Marion et al., 2016; Olive & Marion, 2009; Tomczyk & 

Ewertowski, 2013).  

Trail degradation is often attributed to environmental factors related to water runoff, 

which may compromise the integrity and intended purpose of trail systems (Appalachian 

Mountain Club, 2008; Grab & Kalibbala, 2008; Hesselbarth et al., 2007; Monz et al., 2010). 

Surface runoff on and along trails leads to problems such as muddiness, widening, root 

exposure, and soil erosion (Monz et al., 2010; Upland Pathwork Advisory Group, 2004). 

Poorly designed and maintained trail drainages have been found to be leading factors 
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contributing to trail degradation, especially in mountainous areas with steep slopes (Birchard 

& Proudman, 1982; Grab & Kalibbala, 2007; Marion, 1994; Ramos-Scharrón et al., 2014; 

Sumner, 1995). If trail degradation becomes too advanced, rehabilitation can become 

considerably expensive with lasting impacts to surrounding natural resources (Garland, 1990). 

Trail problems can act as a catalyst for larger-scale resource damage such as vegetation 

damage, land erosion, water pollution, wildlife displacement, and altered visitor behavior 

(Leung & Marion, 2000; Marion et al., 1993; Olive & Marion, 2009; Tomczyk & Ewertowski, 

2013). 

One important and common way trail planners and managers combat trail degradation 

and improve trail sustainability is by constructing trail drainage features to divert surface runoff 

from the trail tread. This study was motivated by the need for building our knowledge base on 

trail drainage features to inform future trail management, thereby contributing to the 

sustainability of parks and protected areas. 

 

2. Literature Review 

 

2.1 Overview of trail drainage features 

 

Drainage features have been referred to in a variety of ways with vocabulary words 

including drainage feature, drainage canal, water diversions, anti-erosion logs, diversion bars, 

erosion barriers, and water-breaks (Croke & Hairsine, 2006; Croke & Nethery, 2006; Grab & 

Kalibbala, 2008; Jubenville & O’Sullivan, 1985; Leung & Marion, 1999; Sumner, 1995). Grab 

& Kalibbala (2008) refer to drainages as “anti-erosion logs” and define them as water diversion 

structures installed across paths. Additionally, drainage features are common in many contexts 
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outside footpaths and include biking trails, dirt and paved roads, logging, and agriculture (Grab 

& Kalibbala, 2008; Marion, 1994; Upland Pathwork Advisory Group, 2004).  

Human-created trail drainage features (TDFs) are drainage features that occur on 

unpaved trail surfaces and are constructed in the field by humans, excluding trail drainages 

such as culverts and land formed by heavy machinery. TDFs act as a barrier during continued 

water surface runoff along trail surfaces and aid in diverting this water off trail surfaces. These 

TDFs also give added support to a trail by anchoring the tread into the landscape (Grab & 

Kalibbala, 2007; Ramos-Scharrón et al., 2014). Trail problems can be identified and pinpointed 

to specific locations making it easy to install TDFs effectively in response to the desire to 

reduce the continuation or spreading of trail problems (Marion, 1994). Additionally, TDFs are 

generally easy to construct with a variety of low cost options. Continual proper maintenance 

allows TDFs to last longer and helps keep the trail sustainable (Appalachian Mountain Club, 

2008). As such, TDFs can protect the integrity of trail surfaces and corridors, leading to further 

protection and enjoyment of valuable natural resources (Appalachian Mountain Club, 2008; 

Birchard & Proudman, 1982; Grab & Kalibbala, 2008; Ramos-Scharrón, Reale-Munroe, & 

Atkinson, 2014; Upland Pathwork Advisory Group, 2004).   

A variety of ways to build human-constructed TDFs are outlined by different land 

management agencies such as the Appalachian Trail Conservancy (ATC), National Park 

Service (NPS), Pacific Crest Trail Association, and United States Forest Service (USFS), just 

to name a few. TDFs located on hiking trails in upland terrains include waterbars, lateral 

drains/knicks, and rolling grade dips (see examples provided in Figure 1.1). Waterbars are 

commonly used as drainage structures made from rock or wood that divert water from the trail 
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tread and typically follow a set of construction guidelines as outlined by the managing agency 

(Hesselbarth et al., 2007; Marion, 1994; Upland Pathwork Advisory Group, 2004). Common 

attributes may include a 45 degree angle between the trail and the TDF, a 12cm TDF height 

(the difference from the top of the structure to the downhill side of the tread), an extended 

trench, and three points of contact between TDF material if applicable (Hesselbarth et al., 2007; 

Upland Pathwork Advisory Group, 2004). 

Another way to divert water off trail is to manipulate existing soil and tread conditions 

to maximize water runoff with lateral drains and rolling grade dips. Lateral drains, (also closely 

related to or known as knicks, bleeders, kick-outs, and diversion dips) are out-sloped drains 

constructed in existing trails, usually near pooling water or muddied areas designed to drain 

water sideways off the tread (Birchard & Proudman, 1982; Hesselbarth et al., 2007). Common 

characteristics include three meter semi-circle that is sloped around 15 percent, smooth, subtle, 

and may or may not include an extended trench (Hesselbarth et al., 2007). 

A rolling grade dip is an obvious human-constructed combination of mound and trench 

running diagonally across the tread to divert water from the tread at the lowest point (Birchard 

& Proudman, 1982; Hesselbarth et al., 2007; Marion, 1994). Rolling grade dips are typically 

designed with attributes that include a short ramp of three to five meters, a slope at around 

three percent, a return to the original tread, and built on the downhill side (Hesselbarth et al., 

2007). 
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Figure 1.1. Commonly created TDFs made from soil include lateral drains/knicks (top left) 

and rolling dips (top right). Waterbar TDFs can be made with tree logs or wood (bottom left) 

or from nearby rocks (bottom right). 

 

2.2 Past research on trail drainage features 

 

Only a few studies have investigated human-constructed TDFs through means of 

observation, inventory, and drainage spacing. In a trail conditions assessment in the Great 

Smoky Mountain National Park (Marion, 1994), researchers observed, counted, and assigned 

an effectiveness value to three drainage types, (drainage dip, waterbar, and lateral drain). 

Another study from Grab and Kalibbala (2008) in South Africa found that the size and 
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thickness of the TDF itself did in fact determine whether the TDF was more or less effective. 

A related line of research can be found on erosion control and soil runoff impact on forest 

roads, where drainage features like TDFs are commonly used (Akbarimehr & Naghdi, 2012; 

Brinker & Tufts, 1995; Eskandari & Hosseini, 2013; Luce & Black, 1999; Scandari & 

Hosseini, 2011). For example, Luce and Black (1999) implemented waterbars as a known 

technique to divert water off linear surfaces and control sediment flow on dirt roads. Brinker 

and Tufts (1995) examined different existing techniques for diverting water off roads with the 

use of features such as water turn-outs, cross-drain culverts, broad-based dips, and waterbars 

(Brinker and Tufts, 1995).  

 

3. Study objectives 

 

Although TDFs are a common management action and they are vital for the long-term 

sustainability of trails, little empirical research has been devoted to examining the factors that 

influence the effectiveness of TDFs, nor are field tools developed to assess their conditions. 

This thesis addresses this significant knowledge gap through two objectives: 

1) To develop and test the reliability of a field assessment method for human-

constructed TDFs, and  

2) To examine key environmental, trail, and TDF factors that influence the 

effectiveness of TDFs.  

This study is part of a larger project on assessing the sustainability of Appalachian 

National Scenic Trail with six objectives: (1) quantifying site-specific resource impacts, (2) 

summarizing impacts by environmental or use-related factors, (3) monitoring resource 
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conditions, (4) evaluating the deterioration in resource conditions and potential causes and 

effective management actions, (5) evaluating the effectiveness of resource protection 

measures, and (6) identifying and assigning priorities to maintenance needs (Marion, 2015). 

 

4. Thesis Overview 

 

 This thesis contains four chapters, including two manuscripts intended for journal 

submission. Chapter One provides the study background and a concise overview of the TDFs 

and the related literature. In Chapter Two, I discuss considerations in constructing a field tool 

for assessing TDFs. This multi-parameter field assessment tool is presented and results of the 

inter-rater reliability test reported, followed by management recommendations and research 

implications. Chapter Three provides insights on collected data using the field assessment tool. 

I examine key factors that influence TDF effectiveness using binary logistical regression 

analysis and contingency tables. Results are discussed with respect to similarities and 

differences with the existing literature. Management and research implications are provided. 

Chapter Four concludes the thesis with a discussion of major lessons learned and general 

recommendations for future research. 
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CHAPTER 2: Human Created Trail Drainage Features (TDFs): Development and Testing of 

an Assessment Tool 

 

Abstract 

 

Sustainably designed and well-maintained trails are important for land managers 

because they allow for the protection of adjacent natural resources by concentrating visitors on 

linear paths as well as allow visitors to better connect to these natural resources. Environmental 

factors related to water are common and can have negative impacts on trail conditions. Park 

managers often combat water-related issues by installing and maintaining human-created trail 

drainage features as a means of diverting running water from tread surfaces. Effective trail 

drainage features are important and can improve trail sustainability. This paper presents the 

development and testing of a field tool that managers can use to assess and better understand 

trail drainage feature (TDF) effectiveness. During phase one, an assessment tool was created 

based upon relevant literature and pilot tested on the Appalachian National Scenic Trail (AT) 

in North Carolina. Phase two involved an inter-rater reliability test to determine the degree of 

agreement among different assessment personnel. Results demonstrated that each 

measurement had moderate to very high agreement ratings, indicating that the assessment tool 

can provide reliable information to trail managers when used as a tool to record existing TDF 

characteristics and related information. The assessment tool provides a compilation of 

important variables to consider when determining TDF effectiveness.  
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1. Introduction 

 

Trails that are sustainably designed and well-maintained allow visitors to better connect 

to natural resources and reduce impact to these resources by concentrating recreationists to a 

limited number of linear paths (Marion, 1994). Increased understanding about what makes 

trails more sustainable will benefit not only the surrounding natural resources but also allow 

parks to maintain their conservation, preservation, and recreation goals. 

The sustainability of trails as a recreation resource depends on how effective water 

runoff is controlled (Appalachian Mountain Club, 2008; Grab & Kalibbala, 2008; Hesselbarth 

et al., 2007; Monz et al., 2010). Running water on and along trail surfaces leads to trail 

problems such as muddiness, widening, root exposure, and soil erosion (Monz et al., 2010; 

Upland Pathwork Advisory Group, 2004). If trail degradation becomes too advanced, 

rehabilitation can become considerably expensive with lasting impacts to surrounding natural 

resources and the recreation experience (Garland, 1990). Trail problems can act as a catalyst 

for larger-scale resource damage such as vegetation damage, land erosion, water pollution, 

wildlife displacement, and altered visitor behavior (Leung & Marion, 2000; Marion et al., 

1993; Olive & Marion, 2009; Tomczyk & Ewertowski, 2013). 

A common management solution to reducing water-induced trail problems is the use 

of human-constructed drainage features (Birchard & Proudman, 1982; Grab & Kalibbala, 

2008; Hesselbarth et al., 2007). Trail drainage features (TDFs) act as barriers during continued 

water flow along trail surfaces and aid in diverting water off of trail surfaces (Figure 2.1). TDFs 

are commonly utilized in land management agencies such as National Park Service, U.S. Forest 

Service, and State Park Systems and occur most often in steep and mountainous terrains. A 
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variety of “best practice” approaches to constructing TDFs are outlined by different land 

management agencies.  However, there is little evidence that this guidance is derived from or 

supported by empirical research and little guidance exists on assessing, monitoring and 

evaluating TDF effectiveness. A paucity of empirical research examines attributes that 

contribute to the effectiveness of TDFs. 

This study aims to contribute to the long-term sustainability of trails through an 

improved TDF assessment method of which can generate timely and objective data supporting 

analysis and evaluation, thereby informing trail and TDF management decisions. The purpose 

of this paper is to illustrate the proposed TDF assessment method, including its conception, 

development, and testing.  

 

 

Figure 2.1. The rock waterbar (left) and wood waterbar (right) are common examples of 

TDFs. 
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2. Methods 

 

2.1 Phase-one: Assessment tool 

 

Construction and maintenance “best practice” methods were reviewed from land 

management agencies and associated trail building organizations such as the United States 

Forest Service (USFS), National Park Service (NPS), Conservation Corps Trail Crews, 

Appalachian Trail Conservancy (ATC), Pacific Crest Trail Association, and International 

Mountain Bicycling Association (IMBA). TDF characteristics described as a priority in 

multiple handbooks were among those selected for review. In addition, previous research on 

TDFs as well as drainage features used in logging and unpaved backcountry roads were 

consulted to better understand empirical data collected on similar drainage characteristics. 

Significant findings related to drainage attributes were among those selected for review 

(Appalachian Mountain Club, 2008; Birchard & Proudman, 1982; Croke & Hairsine, 2006; 

Garland et al., 1985; Garland 1990; Grab & Kalibbala, 2008; Hesselbarth et al., 2007; 

Jubenville & O’Sullivan, 1985; Leung & Marion, 1999; Upland Path Advisory Group, 2004). 

Lastly, personal knowledge and experience gained from participating and leading trail-

building crews for three years was also considered in generating a list of important 

characteristics that should be assessed when determining the overall effectiveness of a TDF. 

Collectively, thirty measurements were selected to pilot test in Wesser, North Carolina 

in February 2015 on ten different TDFs constructed along the AT. Attributes of the pilot test 

area were similar to those found in the study area. Measurements, definitions, and methods 

were refined and developed further as a result of the pilot test. For example, the material gaps 
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measurement changed from a nominal yes or no measurement to an ordinal measurement 

including: 1) 0 to 5cm, 2) 5.1 to 10cm, and 3) greater than 10cm. TDFs along the AT in Wesser 

had notable different sized gaps, potentially leading to a difference in the amount of water 

captured by the TDF and ultimately impacting other measurements. Additionally, the TDF 

construction measurement responses were further distinguished in each material category to 

provide more accurate identification of TDF construction methods (displayed in Figure 2.2). 

For example, a TDF material type categorized as “rock” may contain a TDF construction type 

of rocks assembled flush to each other, rocks stacked overtop each other, rocks stacked under 

each other, rocks stacked in an alternating pattern, or rocks combined in a way that has not 

formal pattern type. 

 

   

Figure 2.2. Two rock waterbars with different construction methods flush (left) and stacked 

under (right). 

 

 

Refined versions of the TDF assessment tool yielded twenty-seven measurements. The 

collected measurements all impact overall TDF effectiveness in unique ways allowing four 

distinct measurement categories to emerge: 1) TDF Characteristics, 2) Sediment 
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Characteristics, 3) Trail Characteristics, and 4) Maintenance, illustrated in a conceptual 

diagram in Figure 2.3. TDF characteristics are measurements that can be used to help describe, 

categorize, and collect information on attributes of the physical TDF, and the integrity of the 

TDF may play a role in determining overall TDF effectiveness. Sediment characteristics are 

measurements that help describe and categorize current trends in sediment that may help 

provide more information about how sediment is carried via water traveling along the trail and 

whether it is effectively being diverted from the trail. Trail characteristics measurements 

capture trail and landform attributes that may influence how effectively water is drained from 

the trail. Finally, the maintenance measure aims to help understand if recent or obvious 

maintenance can play a role in overall TDF effectiveness.  

 

Figure 2.3. Conceptual diagram illustrating the four measurement categories that influence 

TDF effectiveness. 
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2.2 Phase-two: Reliability Test 

 

 A reliability test was conducted to determine the reliability of the measurements used 

in the assessment tool by different field staff. Two groups of two people were recruited and 

trained on how to use the assessment tool. For both groups, the training lasted 30 minutes and 

was conducted in the field standing directly at a TDF for clarification. Participants were given 

background information on what a TDF is and then were walked through each measurement. 

Two handouts were used (see Appendices B and C), one defining and explaining each 

measurement and the second illustrating each measurement on photographs of different TDFs. 

An example of each is provided in Figure 2.4.   

Group one consisted of students with undergraduate environmental knowledge as well 

as trail assessment experience. Group one performed their reliability testing on the AT in 

Baxter State Park, Maine in July 2015. Group two also had environmental knowledge as well 

as advanced academic experience. Group two performed their reliability test in Umstead State 

Park in the Piedmont of North Carolina, in September 2015 Figure 2.5). The two different 

locations were used to incorporate a variety of TDFs and locations, ensuring consistency across 

a diverse region where TDFs are common on managed natural areas. 

Measurements in the assessment tool generate categorical and numeric values and were 

examined using two statistical models testing for inter-rater reliability (IRR) including Cohen’s 

Kappa (K) and Computing Intraclass Correlations (ICC). The statistical model K was used for 

the descriptive categories, (illustrated in Table 2.2 with the absence of an asterisk) and the ICC 

model, used for the remaining exact measurements (illustrated in Table 2.2 with the presence 

of one asterisk), was calculated with a two-way random, absolute agreement type. 
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Figure 2.4. Training handouts including measurement descriptions and illustrations. 



 

19 

3. Results 

 

3.1 Phase-one: Assessment tool 

 

A TDF assessment tool was developed with four categories including TDF 

characteristics, sediment characteristics, trail characteristics, and maintenance as well as an 

additional overall effectiveness rating measurement that was adopted from Leung and 

Marion’s 1999 study in the Great Smokey Mountains. The assessment tool in total contained 

twenty-seven individual measurements and six general information measurements. A 

description of each measurement item used in the assessment tool is shown in Table 2.1.  

 

Table 2.1 TDF assessment form measurement descriptions. 

Measurement Description Unit 

General TDF Information 

TDF Number Identification number.  

Date and Time Date and time of assessment.  

Trimble GPS Number Spatial reference identification number.  

Photo Up/Downslope View of TDF looking uphill and downhill.  

TDF Characteristics 

Material Type Material used to construct TDF (rock, wood, soil, plastic, other).  

Construction Method Building style (flushed, stacked over, stacked under, stacked alternating, 

tree log, treated log, rolling dip, knick, other). 

 

TDF Length  Length of TDF from end to end along the centerline. Cm 

   
TDF Thickness Average thickness of TDF material on the left, center, and right side or 

centerline of each individual rock, whichever is most appropriate. 

cm 

TDF to Tread Angle Angle of TDF and trail tread taken on the downhill side hugging the 

inside of the landscape. (Opposite end of drainage/trench).  

deg. 

Material Gaps  Categorical estimation of existing gaps in TDF structure (“0-5cm”, “5.1-

10cm”, “>10cm”.  

cm 

Side Slope Connection Whether or not TDF material is tied into the trail’s surrounding inside 

landscape. 

 

Reinforcement Type Material used to support and stabilize the TDF feature (rock, wooden 

spike, rebar, tree, none, other). 

 

Structural Stability Categorical estimation of TDF strength using a firm boot shove (strongly 

anchored, moderately anchored, weakly anchored). 
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Table 2.1. Continued from previous page. 

Sediment Characteristics 

TDF Height Average depth of sediment/organic material measured 3cm uphill from 

TDF feature and on the left side, center, and right side. 

cm 

Erosion Feature Uphill The presence of erosion within 5m of TDF uphill.  

Erosion Feature Downhill The presence of erosion within 5m of TDF downhill.  

Erosion Feature Type Type of existing erosion (muddiness, root exposure, rock exposure, 

trenched soil, other). 

 

Estimated Erosion Length U Estimated length of existing erosion measured along the trail uphill. m 

Estimated Erosion Length D Estimated length of existing erosion measured along the trail downhill. m 

Erosion Feature Type Type of existing erosion (muddiness, root exposure, rock exposure, 

trenched soil, other). 

 

Trench Extension Whether or not an existing channel dug into the soil exists on the outside 

side slope.  

 

Trench Extension Depth Depth of sediment/organic material in trench measured 30cm away from 

TDF and from the top of the trench to the bottom. 

cm 

Trail Characteristics 

Trail Grade Trail slope percentage measured from the TDF feature and 5m upslope 

along existing trail. 

% 

Trail Direction Trail direction measured from TDF feature and existing trail centerline.  deg. 

Landform Grade Landform slope percentage measured from the TDF feature and 4m 

upslope along the fall line of existing landscape.  

% 

Landform Direction Landform direction measured from TDF feature and fall line of existing 

landscape.  

deg. 

Canopy Cover Percentage of canopy cover from the center of existing trail recorded 

10m upslope, 5m upslope, and directly at TDF.  

% 

Maintenance 

Recent Maintenance Evidence of recent TDF maintenance (trench cleaning, sediment clearing, 

upturned soil, fresh material, other). 

 

Effectiveness 

Effectiveness Rating Categorical estimation of the overall TDF effectiveness (effective, 

partially effective, not effective). 

 

 

3.2 Phase-two: Reliability Test 

 

Each measurement was calculated for inter-rater reliability (IRR) using Cohen’s Kappa 

(K) or Computing Intraclass Correlations (ICC) (Table 2.2) and resulted in K or ICC of 0.4 

(moderate agreement) or higher (interpreted using a six-category K scale displayed in Table 

2.3 (Landis & Koch, 1977; Zenk et al., 2007). Measurements among highest agreement were 

Material Type (1.0), TDF Length (0.85), TDF Thickness (0.93), Structural Stability (1.0), TDF 

Height (0.95), Trail Direction (0.96), and Landform Direction (0.96). Measurements among 
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moderate agreement (and the lowest recorded agreement in this study) were Trench Extension 

Depth (0.56), Trail Grade (0.52), Canopy Cover [at TDF] (0.42), Canopy Cover [at 5m] (0.58), 

and Effectiveness Rating (0.54).  

 

Table 2.2. Results from both inter-rater reliability tests. The absence of an asterisk signifies 

Computing Intraclass correlations (exact measurements), one asterisk signifies Cohen’s Kappa 

(categorical measurements), and two asterisks signifies the measurement was weighted using 

Cohen’s Kappa. 

 

Measurement K/ICC  Measurement K/ICC 

TDF characteristics Trail Characteristics 

Material Type* 1 Trail Grade 0.52 

Construction Method* 0.64 Trail Direction 0.96 

TDF Length 0.85 Landform Grade 0.76 

TDF Thickness 0.93 Landform Direction 0.96 

TDF to Tread Angle 0.70 Canopy Cover (10m)  0.66 

Material Gaps** 0.62 Canopy Cover (5m)  0.58 

Side Slope Connection* 0.69 Canopy Cover (TDF) 0.42 

Structural Stability** 1   

Sediment Characteristics Maintenance 

TDF Height 0.95 Recent Maintenance** 0.78 

Erosion Feature* 0.69   

Trench Extension* 1 Overall Effectiveness Rating 

Trench Depth  0.56 Effectiveness Rating** 0.54 

 

 

 

Table 2.3. Inter-rater reliability interpretation (Landis & Koch, 1977; Zenk et al., 2007). 

 
Kappa Interpretation 

< 0 Poor Agreement 

0.0 – 0.20 Slight Agreement 

0.21 – 0.40 Fair Agreement 

0.41 – 0.60 Moderate Agreement 

0.61 – 0.80 Substantial Agreement 

0.81 – 1.00 Strong Agreement 
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The Effectiveness Rating previously used by Leung and Marion (1999) to determine 

TDF effectiveness in Great Smoky Mountains National Park received a lower IRR value of 

0.54 when compared to three of the identified key variables of TDF Length (0.85) 

(measurement featured in Figure 2.6), TDF Thickness (0.93), and TDF to Tread Angle (0.70). 

It received a comparable IRR value when compared to the last key measurement of Trail Grade 

(0.52). 

 

4. Discussion  

 

Measurements with high K and ICC scores such as material type likely occurred 

because TDFs are commonly built with only one material type, and different material types are 

distinct (e.g. rock material versus tree log material). Consistent material type recording is 

valuable as several “best practices” manuals describe soil-based TDFs as more effective in the 

long run compared to waterbars made with rocks and logs (Appalachian Mountain Club Staff, 

2008; Hesselbarth et al., 2007). Additional high performing IRR measurements such as TDF 

thickness and diagonal tread length are valuable because past research by Grab and Kalibbala 

(2008) describes TDF thickness as a good indicator of TDF effectiveness.  

TDF height, also a high performing IRR measurement, may be a good indication of 

TDF effectiveness, given that an assessor is able to record precise measurements. Such 

precision may allow for a better understanding of the amount of sediment deposited from 

surface runoff in front of a TDF, further informing land managers how often a TDF may need 

to be serviced or maintained. Maintenance is an important factor in determining TDF 
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effectiveness, as was highlighted in the U.S. Forest Service manual (2007) and Appalachian 

Mountain Club’s Trail Building and Maintenance book (2008). 

 

 

Figure 2.5. Reliability test conducted at Umstead State Park, Raleigh, North Carolina. 

 

Measurements such as trench depth performed less favorably. TDF trenches vary in 

construction and often have uneven surfaces on either side. Grab and Kalibbala (2007) also 

determined the importance of TDF trenches (referring to them as drainage furrows); however 
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TDFs with poorly constructed trenches do not function well, consequently demonstrating the 

importance of trench characteristic measurements such as trench depth.  

Also among less favorably performing K and ICC scores (moderate agreement) were 

trail grade, canopy cover [TDF], and canopy cover [5m]. Although these measurements 

received moderate agreement, a more accurate measurement may be obtained using GIS spatial 

technology data if desirable. For example, trail grade can be obtained with high-tech LiDAR 

data in a given area that can provide consistent measurements over entire landscapes as 

described by Marion, Wimpey, and Park (2011). The canopy cover measurements would 

greatly benefit from LiDAR data as more accurate readings can be taken along the entire trail 

system or surrounding landscape producing watershed and rainfall models. Trail grade 

measurements can and should still be taken in the field to ground-truth LiDAR data. Precise 

directions can be attached to trail grade such as “Stand at the center of the TDF, just above the 

feature and not standing on top of the TDF material and measure 5m uphill with an accurate 

measuring devise”. Wind may have played a significant factor when recording tree canopy, so 

wind strength should be monitored with an anemometer that can measure wind speed and 

direction.  

Lastly, the effectiveness rating measurement was also rated amongst the lowest 

performances. This poor performance parallels past discussion by Leung and Marion (1999), 

identifying the subjectivity limitation in determining TDF effectiveness. By using the other 

twenty-six measurements in each category, one may gain a more quantitative and objective 

assessment in determining actual TDF effectiveness. The other twenty-six measurements can 

also be recorded on an average time of six minutes. Newly trained field staff may complete 
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assessments in closer to twenty minutes for the first four to five drains and then rapidly increase 

in speed as they become more familiar with the measurements.  

 Minor training improvements may be made for similar research in the future. First, 

approximate measurements associated with trail grade and canopy cover can be changed to 

exact measurements. For example, a measurement wheel can be used to determine exactly how 

far up the trail five meters is. Additionally, precise directions and descriptions may be given to 

determine where to stand to take measurements such as trail grade and canopy cover. Training 

will be improved with multiple examples of TDFs in the field used for training to familiarize 

assessors with all the terms. Lastly, recruiting individuals who will perform the assessments 

on TDFs who already have a background in trail building and maintenance will improve 

measurement consistency due to previous background and familiarity with terms and features. 

Several recommendations exist for improving the TDF assessment tool in the field. A 

side slope measurement will be helpful in determining what percentage of trail is sloping 

outward, aiding in better water drainage. Additionally, canopy coverage, trail grades and 

landscape grades should be recorded using categorical options when LiDAR is not available. 

High precision field measurements may not necessarily provide valuable information about the 

TDF and trail condition. For example, a trail grade sloped at 5% can easily be recorded as 4-

7% depending on exactly where recorders stand on the trail, what material the trail is made of, 

and how far apart the recorders stand. These differences decrease IRR values even though the 

fine level of detail is irrelevant. Information about the difference of 5% and 20% trail is more 

important as it will cause water to act very differently. 
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Figure 2.6. Field measurement TDF length located on the Appalachian Trail, New Hampshire. 

 

The TDF trench measurement can be improved by tying string to two separate stakes, 

laying out the string line perpendicular across the trench, and measuring the trench from the 

center of the line down to the deepest location in the trench. Lastly, recording the age of a TDF 

and referring to a log of how often the TDF is maintained and serviced is important in 

determining TDF effectiveness and greatly reduces subjectivity. Information such as 

construction date, presence of erosion, maintenance dates, and type of maintenance can be 

recorded using existing inventory sites such as NPS’s Facility Management Software System 
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(FMSS) or filed online by maintenance crews such as the conservation corps or volunteer 

groups (Getz & Wolter, 2002).  

 

4.1 Future management implications 

 A TDF assessment tool using the most relevant measurements compiled from a variety 

land management and non-governmental agencies who construct and maintain these drainages 

as well as information gathered from existing drainage research is useful for any agency who 

uses, constructs, or maintains these trail drainage features. This assessment tool provides a way 

to inventory existing TDFs as well as their corresponding attributes. The assessment tool can 

also be utilized to give each TDF a composite score. The assessment tool will highlight 

potential undesirable attributes existing within a TDF such as undesirable tread to TDF angles 

or trench depth for which managers can respond by allocating their time and resources to 

specific TDFs. TDFs can also be deconstructed if their composite score is too low. 

Additionally, land managers can use this tool as a way to justify money, time, and resources 

spent on trail management and trail work as the existence and performance of these TDFs plays 

a key role in trail maintenance. 

 

4.2 Future research implications 

 

Future research on suggested additional measurements and measurement alterations is 

needed to determine their reliability and value of incorporating into the existing assessment 

tool. After all updated and new measurements have been tested, a rapid assessment can be 

developed containing the best and most reliable measurements. Future research such as 
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increased sample size and individual assessment recruitment is needed on TDFs. Individuals 

with a previous background in trail building and maintenance who are already familiar with 

the features and their terminology may have more consistent and reliable measurements and 

may also reduce the amount of time spent on each individual TDF. Additionally training 

methods such as in the classroom, in the field, or a combination of both can be assessed to 

determine which is the most effective at producing consistent and high inter-rater reliability 

measurement outcomes.  

 

5. Conclusion 

 

This assessment tool gives field managers a quantitative and more objective tool to 

determine the overall TDF effectiveness of features located in parks and protected areas. The 

assessment tool provides a compilation of important variables to consider while highlighting 

key variables that are critical when determining TDF effectiveness. This assessment tool has 

the potential to improve our ability to perform TDF assessments in six minutes by providing a 

larger list of variables informed by relevant literature to ultimately locate under-performing 

TDFs. Identifying, locating, and fixing under-performing TDFs will improve overall trail 

quality and long-term trail sustainability, contributing to surrounding environmental health and 

overall visitor enjoyment. 
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CHAPTER 3: Factors that Influence the Effectiveness of Trail Drainage Features on 

Mountainous Terrains 

 

Abstract 

 

Park and protected area managers often face issues of trail degradation associated with 

water, which is commonly controlled by constructing and maintaining trail drainage features 

(TDFs). While trail construction guidelines and handbooks are common, little 

empirical research has been devoted to examining the factors that influence the effectiveness 

of TDFs. This paper examined environmental and design factors that may influence the 

effectiveness of TDFs. A multiple-parameter TDF assessment tool was developed and applied 

to the northern one-third (1200km) of Appalachian National Scenic Trail (AT) during the 

summer of 2015. Twenty-one 5-km sampling segments were chosen using a generalized 

random tessellation stratified (GRTS) sample design. Every fifth TDF in each segment was 

assessed, resulting in a sample size of 117 TDFs. The factors influencing the effectiveness of 

TDFs were examined using binary logistical regression and contingency tables for four 

dependent variables, namely TDF height, trench depth, erosion presence downhill, and an 

overall effectiveness rating. Results indicated that TDF thickness, TDF length, trail slope 

alignment (TSA), and material type were four key factors influencing TDF effectiveness. 

Wood material type, larger thickness, and contoured trails correlated positively with trench 

depth levels, while TDFs with longer lengths correlated with undesirable (and shallower) TDF 

height levels. Tread to TDF angle, trail grade, and reinforcement type were not found to be 

significant factors in TDF effectiveness. This study offers initial evidence that certain landform 
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and TDF characteristics should be considered prior to construction to avoid costly maintenance 

and resulting adverse effects on ecology and visitor experience.  
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1. Introduction 

 

Trail systems are a valuable recreation infrastructure that afford outdoor recreation 

opportunities, facilitate visitor experience, and protect natural resources. Visitor satisfaction 

has been linked to the quality of trail environments, such as vegetation and soil conditions 

(D’Antonio et al., 2013; Dorwart, Moore, Leung, 2009; Moore et al., 2012). Well-functioning 

trails can reduce impact to natural resources by concentrating visitor traffic on a small number 

of linear paths (Marion, 1994; Tomczyk & Ewertowski, 2013). While visitor use contributes 

to degraded trail conditions, they are also influenced by poor trail design and/or maintenance 

(Garland, 1990; Leung and Marion, 1999; Marion et al., 1993; Marion et al., 2016; Olive & 

Marion, 2009; Tomczyk & Ewertowski, 2013).  

 The sustainability of trails as a recreation resource depends in part on how effectively 

water is removed from tread surfaces (Appalachian Mountain Club, 2008; Grab & Kalibbala, 

2008; Hesselbarth et al., 2007; Monz et al., 2010). Indeed, poorly designed and maintained 

trail drainages are among leading factors of trail degradation, especially in mountainous areas 

with steep slopes (Birchard & Proudman, 1982; Grab & Kalibbala, 2007; Marion, 1994; 

Ramos-Scharrón et al., 2014; Sumner, 1995;). Running water on and along trail surfaces leads 

to impact problems such as muddiness, widening, root exposure, and soil erosion (Monz et al., 

2010; Upland Lathwork Advisory Group, 2004). If trail degradation becomes too advanced, 

rehabilitation can become cost-prohibitive, with lasting impacts to surrounding natural 

resources (Garland, 1990). Trail problems can also act as a catalyst for larger-scale resource 

damage such as vegetation loss, soil erosion, water pollution, wildlife displacement, and 
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altered visitor behavior (Leung & Marion, 2000; Marion et al., 1993; Olive & Marion, 2009; 

Tomczyk & Ewertowski, 2013). 

A common management solution to water-induced trail problems is the use of human-

constructed trail drainage features (Birchard & Proudman, 1982; Grab & Kalibbala, 2008). 

Trail drainage features (TDFs) are intended to intercept surface runoff and divert water off the 

trail tread. TDFs also give added support to a trail by anchoring the feature into the landscape 

(Grab & Kalibbala, 2007; Ramos-Scharrón et al., 2014). Trail problems can be identified and 

pinpointed to specific locations making it easy to install TDFs in order to contain the problems 

(Marion, 1994). Additionally, TDFs are generally easy to construct with a variety of low-cost 

options. Continual proper maintenance allows TDFs to last longer, maintain their 

effectiveness, and keep the trail sustainable (Appalachian Mountain Club, 2008). As such, 

TDFs can protect the integrity of trail surfaces and corridors, contributing to the protection of 

adjacent vegetation and water resources and to visitor enjoyment of natural resources 

(Appalachian Mountain Club, 2008; Birchard & Proudman, 1982; Grab & Kalibbala, 2008; 

Ramos-Scharrón, Reale-Munroe, & Atkinson, 2014; Upland Pathwork Advisory Group, 

2004).   

Several studies have looked at human-constructed TDFs through means of observation, 

inventory, and drainage spacing. In a trail condition assessment in the Great Smoky Mountain 

National Park (Marion, 1994), researchers observed, counted, and assigned an effectiveness 

rating to three TDF types (drainage dip, waterbar, and lateral drain). This effectiveness rating 

was on an ordinal scale, with a value of 1, 2, or 3 as very effective, partially effective, and not 

effective, respectively. An additional study was conducted by Grab and Kalibbala (2008) in 
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South Africa who examined whether or not anti-erosion logs (similar to wood waterbars) 

spacing and relationship to trail grade impacted water runoff and the effectiveness of the anti-

erosion log. Grab and Kalibbala (2008) found that two factors did not impact water runoff but 

rather the size and thickness of the anti-erosion log itself did determine whether the TDF was 

more or less effective (Grab & Kalibbala, 2008). 

Relevant studies in the forest roads literature were also reviewed, as surface runoff and 

erosion control is a shared concern for forest roads. Drainage features similar to TDFs are 

commonly installed as a solution (Akbarimehr & Naghdi, 2012; Brinker & Tufts, 1995; 

Eskandari & Hosseini, 2013; Luce & Black, 1999; Scandari & Hosseini, 2011). For example, 

Luce and Black (1999) installed waterbars to divert water off road surfaces to control the 

amount of sediment flow so they could examine the relationship between sediment production 

and road attributes. Brinker and Tufts (1995) examined different techniques for diverting water 

off roads including features such as water turn-outs, cross-drain culverts, broad-based dips, 

and waterbars (Brinker and Tufts, 1995). Several recent studies in Iran examined factors that 

affect road drainage, such as road width, cross and longitudinal slopes of roads, and the 

longitudinal slope of ditches (Eskandari & Hosseini, 2013; Scandari & Hosseini, 2011). The 

researchers evaluated the state of drainage systems on forest roads, concluding that drainages 

were the most important, reinforcing the importance of drainage features on forest roads for 

preventing erosion, soil degradation, and soil loss.  

Building on past research, this study aimed at providing additional insights to help 

determine what design and environmental factors are important in determining the 

effectiveness of TDFs by asking:  
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1) What TDF and trail characteristic attributes significantly influence TDF 

effectiveness?  

2) How can managers and scientists use this knowledge to improve TDF effectiveness 

through improved design, construction, and maintenance practices? 

 

2. Study Area 

 

This study took place on the Appalachian National Scenic Trail (AT) (Figure 3.1). The 

AT is a continuous marked trail stretching over 3,380 km along the Appalachian Mountain 

chain from Maine to Georgia (Appalachian Trail Conservancy, 2008; Birchard & Proudman, 

1982, Marion, 2015). The AT traverses fourteen states, maintains an average corridor width of 

300 meters, and connects more than seventy-five public land areas (Appalachian Trail 

Conservancy, 2008; Birchard & Proudman, 1982). The AT was originally marked and 

constructed in the 1920’s and is used by millions of visitors each year for recreation 

opportunities such as backpacking, camping, and day hiking (Appalachian Trail Conservancy, 

2008; Birchard & Proudman, 1982). This study took place in the northern one-third of the AT 

between the states of Connecticut and Maine (Figure 3.1).  

 

3. Methods 

3.1 Sampling strategy 

 

The northern one-third of the AT was selected by the project team and divided into 

five-kilometer segments. Twenty-one of these segments were chosen using the Environmental 

Protection Agency’s Generalized Random Tessellation Stratified (GRTS) sample design 
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(Stevens & Olsen, 2003). GRTS is a form of spatially-balanced sampling that is a true 

probability design using an algorithm that allows for a variety of environments or landforms 

to be sampled in a target population (National Park Service, 2013). Each selected segment 

contained fifty sample points also selected using GRTS for the purpose of quantifying trail 

impacts and problem areas. 

 

 

Figure 3.1. Map of study area where data were collected for this study as well as the larger 

AT project. 
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 In each sample segment, we began at the southern end and assessed every fifth TDF, 

providing a sample size of 117 TDFs. This sample strategy provided a diverse range of TDFs 

managed and maintained by different organizations while capturing approximately 20% of the 

TDFs along the trail. 

 

3.2 Field measurements 

 

Variable assessment tools and field equipment were employed to collect data from the 

study trail segments: 

1. Trail drainage assessment form 

2. Trail drainage feature type and description form on iPad 3 

3. Trimble GeoXT unit 

4. Apple iPad 3 

4. Standard measuring tape 

5. Johnson digital angle finder, 12in, Aluminum 

6. Suunto tandem-360PC/360R compass and clinometer 

6. Spherical crown densitometer, Convex model A 

 

3.3 TDF assessment form 

 

The TDF assessment protocols were developed and pre-tested (see Chapter 2) with four 

categories including TDF characteristics, sediment characteristics, trail characteristics, and 

maintenance with an additional overall effectiveness eating adopted from Leung and Marion 

(1999) totaling in twenty five individual measurements (Table 3.1). Within the TDF 
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Characteristic category, measurements such as material type and construction method were 

recorded to better understand the type of TDF sampled as well as configurational 

measurements such as TDF length and TDF to tread angle (Figure 9). The Sediment 

Characteristic category contained several measurements on erosion as well as measurements 

that captured material or sediment build-up and the existence of a trench extension illustrated 

in Figure 9. The overall effectiveness rating used in a previous Great Smoky Mountain 

National Park trail assessment (Marion, 1994) was also applied in this study for comparison 

purposes. 

 

Table 3.1. List of trail drainage feature assessment items. 

Measurement Description Unit 

General TDF Information 

TDF Number Identification number.  

Date and Time Date and time of assessment.  

Trimble GPS Number Spatial reference identification number  

Photo Up/Downslope View of TDF looking uphill and downhill   

TDF Characteristics 

Material Type Material used to construct TDF (rock, wood, soil, plastic, other).  

Construction Method Building style (flushed, stacked over, stacked under, stacked alternating, 

tree log, treated log, rolling dip, knick, other). 

 

TDF Length  Length of TDF from end to end along the centerline. cm 

TDF Thickness Average thickness of TDF material on the left, center, and right side or 

centerline of each individual rock, whichever is most appropriate. 

cm 

TDF to Tread Angle Angle of TDF and trail tread taken on the downhill side hugging the 

inside of the landscape. (Opposite end of drainage/trench).  

deg. 

Material Gaps  Categorical estimation of existing gaps in TDF structure (“0-5cm”, “5.1-

10cm”, “>10cm”.  
cm 

Side Slope Connection Whether or not TDF material is tied into the trail’s surrounding inside 

landscape. 
 

Reinforcement Type Material used to support and stabilize the TDF feature (rock, wooden 

spike, rebar, tree, none, other). 
 

Structural Stability Categorical estimation of TDF strength using a firm boot shove (strongly 

anchored, moderately anchored, weakly anchored). 
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Table 4. Continued from previous page. 

 
Sediment Characteristics 

TDF Height Average depth of sediment/organic material measured 3cm uphill from 

TDF feature and on the left side, center, and right side. 

cm 

Erosion Feature Uphill The presence of erosion within 5m of TDF uphill.  

Erosion Feature Downhill The presence of erosion within 5m of TDF downhill.  

Erosion Feature Type Type of existing erosion (muddiness, root exposure, rock exposure, 

trenched soil, other). 

 

Estimated Erosion Length U Estimated length of existing erosion measured along the trail uphill. m 

Estimated Erosion Length D Estimated length of existing erosion measured along the trail downhill. m 

Erosion Feature Type Type of existing erosion (muddiness, root exposure, rock exposure, 

trenched soil, other) 

 

Trench Extension Whether or not an existing channel dug into the soil exists on the outside 

side slope.  

 

Trench Extension Depth A single measurement capturing the depth of sediment/organic material 

measured 30cm down trench and away from TDF. Measurement is taken 

at the deepest spot in the trench to the top of the soil of the trench. 

cm 

Trail Characteristics 

Trail Grade Trail slope percentage measured from the TDF feature and 5m upslope 

along existing trail. 

% 

Trail Direction Trail direction measured from TDF feature and existing trail centerline.  deg. 

Landform Grade Landform slope percentage measured from the TDF feature and 4m 

upslope along the fall line of existing landscape.  

% 

Landform Direction Landform direction measured from TDF feature and fall line of existing 

landscape.  

deg. 

Canopy Cover Percentage of canopy cover from the center of existing trail recorded 

10m upslope, 5m upslope, and directly at TDF.  

% 

Maintenance 

Recent Maintenance Evidence of recent TDF maintenance (trench cleaning, sediment clearing, 

upturned soil, fresh material, other). 

 

Effectiveness 

Effectiveness Rating Categorical estimation of the overall TDF effectiveness (effective, 

partially effective, not effective). Rating based off 2-3 centimeters of 

water traveling down trail and how effective the TDF will divert that 

water off. 

 

 

Figure 3.2 illustrates the individual measurements described in Table 3.1. For example, 

TDF width featured in picture B was measured in three positions (the left side, middle, and 

right side) along a wood TDF and TDF height featured in picture D was measured in three 

positions (the left side, middle, and right side) of a TDF.   
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Figure 3.2. Diagram of individual measurements in the assessment tool. 

 

 

3.4 Data Analysis 

 

Collected data were cleaned up and recoded as needed. Numerical data was 

summarized using common descriptive statistics while the categorical data was summarized 

using frequencies.  

The effectiveness of TDFs was indicated by four dependent variables, including TDF 

height, trench depth, erosion downhill, and the effectiveness rating. A binary logistical 

regression model was used to examine TDF height trench depth, and erosion presence 

downhill. All assumptions for this model were tested prior to running each analysis.  
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Several variables had to be recoded before running the binary logistical regression 

model because these variables were recorded as exact measurements intended for a multiple 

regression analysis. TDF height was dummy coded as 1 or 0. Material build-up was dummy 

coded as 1 (a measurement of 10 cm or larger) and 0 (a measurement less than 10 cm). At least 

a 10cm measurement between the top of a TDF and the soil is recommended by Appalachian 

Mountain Club’s Trail Maintenance Staff (2008) and the U.S. Forest Service (2007) as a 

“good” construction practice. Trench extension depth was also dummy coded using a 1 (a 

measurement of 15 cm or greater) and 0 (a measurement less than 15 cm). The U.S. Forest 

Service (2007) describes a TDF trench extension of 30 cm or greater to be “good” construction 

practice however, no recorded TDFs in this study met that requirement. Rather, 15cm was used 

as the threshold because other handbooks and existing literature do not make a measurement 

distinction and previous knowledge indicates that TDFs appear to function in the field without 

such a 30cm trench depth measurement. Next, erosion presence downhill was coded as 1 (yes, 

visually evident erosion exists within 5m downhill of the TDF) and 0 (no, visually evident 

erosion does not exist within 5 m downhill of the TDF). The 5m threshold was chosen to 

capture erosion occurring near the TDF.  

 A contingency table using Pearson’s Chi-Square test of significance was used to 

interpret the relationship between individual categorical measurements and the overall 

effectiveness rating (dependent variable) and the Cramér’s V model was referenced to 

determine the relationship strength.  
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4. Results 

 

4.1 Characteristics of Trail Drainage Features 

 

 A total of 117 TDFs were assessed in the study. Descriptive statistics in Table 3.2 

illustrate numeric data for measurement categories TDF Characteristics, Sediment 

Characteristics and Trail Characteristics respectively. Within the TDF Characteristic 

measurements, TDF lengths averaged 200cm (2m) (range = 38-406cm, SD = 74.6). TDF 

thickness averaged 11 cm (range = 4-60cm, SD = 11.37). The TDF to tread angle resulted in 

an average of 118.9° (range = 60-180°, SD = 22.35°).  

 

Table 3.2. Descriptive statistics of TDF measurements containing numerical data. 

Measurement N Minimum Maximum Mean Std. Deviation 

TDF Length 88 38cm 506cm 207.58cm 74.57 

TDF Thickness 88 4cm 60cm 20.60cm 11.37 

TDF to Tread Angle 117 0° 119.8° 61.06° 22.35 

TDF Height 88 0cm 32cm 12.44cm 6.31 

Erosion Length Uphill 117 0m 40m 10.64m 10.60 

Erosion Length Downhill 117 0m 40m 5.75m 8.20 

Trench Extension Depth 100 3cm 36cm 14.43cm 6.87 

Trail Grade 116 0% 25% 9.88% 5.08 

Landform Grade 117 0% 30% 13.38% 5.77 

TSA Angle 117 0° 90° 29.57° 28.21 

 

Descriptive statistics for Sediment Characteristic measurements (Table 3.2) included 

TDF height resulting in a mean value of 12.4cm (range = 0-32cm, SD = 6.31). Estimated 

erosion length uphill and downhill averaged 10.6m (range = 0-40m, SD = 10.60) and 5.75m 
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(range = 0-40m, SD = 8.20) respectively. Lastly, the trench depth resulted in an average of 

14.4cm (range = 3-36cm, SD = 6.87). 

Trail Characteristic measurements (Table 3.2) contained trail grade and landform grade 

producing mean averages of 9.8% (range = 0-25%, SD = 5.08) and 13.4% (range = 0-30%, SD 

= 5.77) respectively. TSA averaged 29.6o (range = 0-90°, SD = 28.21).  

   
Figure 3.3. Rock waterbar with a flush rock construction method (left) and a wood waterbar 

with a wooden tree log construction method (right).   

 

Frequency and multiple frequency statistics in Table 3.3 illustrate categorical (nominal 

and ordinal) data for measurement categories TDF Characteristics, Sediment Characteristics, 

Maintenance, and Effectiveness Rating respectively. The material type measurement indicates 

that the majority of TDF’s are constructed of rock (54%) and soil (22%). Construction method 

varied over nine different measurements with flushed rock (34%) and wooden tree log (21%) 

being the most common methods (Figure 3.3). The material gap measurement resulted in a 

majority (76%) of TDFs with less than 5cm of visible gaps in the feature’s material.  TDFs 

were either connected (57%) into the inside side slope or were not (43%), while a majority of 

TDFs were not reinforced with any material type at 67%. Lastly, within the TDF 
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characteristics, 58% of TDFs had strong stability within the trail compared to partially stable 

(15%) and weak stable (27%) TDFs. 

Next, within the Sediment Characteristics measurement category (Table 3.3), a 

majority of TDFs (75%) were reported with the presence of erosion on the trail and within 5m 

of the TDF, with erosion occurring predominately upslope (70%). Trench extensions with a 

TDF occurred a majority (85.5%) of the time. 

 

Table 3.3. Frequency tables of categorical TDF measurements (measurements that exceed 

100% are categories in which a TDF was marked with multiple answers). 
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Of the last two measurement categories, 76.9% of TDFs had no recent maintenance 

(displayed in Table 3.3). Lastly, the Effectiveness measurement category recorded the overall 

effectiveness rating at three levels: effective (32.5%), partially effective (29.9%), and not 

effective (37.6%). 

Table 3.4 illustrates TDF assessment results by the common TDF types found. A 

majority of TDFs recorded (55%) were rock waterbars, and rock waterbars were the only TDFs 

to record an average angle within the recommended range of 30-60 degrees. Overall, average 

TDFs recorded did not experience material gaps and were less commonly reinforced with 

outside material. When compared to wood waterbars, rock waterbars demonstrated desirable 

TDF height averages (14.0cm) more often, meeting the recommended 12cm or more 

measurement. Erosion was commonly recorded around TDFs, as was trench extension at 86%; 

however the average for each trench extension TDF category as well as the overall average 

(14.25cm) was recorded at just half the recommended 30cm. Average TSAs for rock waterbars 

(27.0°) and wood waterbars (26.5°) resulted in values closely resembling contoured trails. 

Lastly, TDFs recorded as knicks were among the only TDFs to record yes for the maintenance 

measurement at an average of 90% while the overall effectiveness rating was recorded evenly 

among all TDFs, with “not effective” as the slight majority (38%). 
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Table 3.4. Frequency or mean value tables of assessment measurements categorized by 

common trail drainage features. Numbers in parenthesis represents percent of the total. 

Measurement Rock Waterbar Wood 

Waterbar 

Knick Rolling Dip Overall 

TDF 67 (55%) 30 (24%) 20 (16%) 6 (5%) 123 

TDF Length 233.5cm 169.7cm N/A N/A 201.6cm 

TDF Thickness 23.2cm 14.4cm N/A N/A 18.8cm 

TDF to tread Angle 54.9° 63.4° 76.4° 67.7° 65.6° 

Material Gaps 0-5cm (60%) 0-5cm (93%) 0-5cm 

(100%) 

0-5cm 

(100%) 

0-5cm 

(76%) 
Side Connection No (57%) Yes (70%) No (100%) No (100%) No (59%) 

Reinforcement None (61%) None (60%) None (95%) None 

(100%) 

None 

(67%) 
Stability Stable (85%) Stable (57%) Weak 

(100%) 

Weak (83%) Stable 

(57%) 
TDF Height 14.0cm 10.0cm N/A N/A 12.0cm 

Erosion Presence Yes (73%) Yes (73%) Yes (85%) Yes (67%) Yes (75%) 

Trench Extension Yes (82%) Yes (83%) Yes (100%) Yes (100%) Yes (86%) 

Trench Depth 14.7cm 15.0cm 14.3cm 13cm 14.25cm 

Trail Grade 11.2% 8.1% 9.3% 8.8% 9.35% 

Landform Grade 14.2% 11.0% 15.5% 11.2% 12.98% 

Trail Slope Alignment 27.0° 26.5° 42.0° 43.2° 34.68° 

Maintenance No (73%) No (77%) Yes (90%) No (67%) No (76%) 

Overall Effectiveness Rating Yes (46%) Not (43%) Not (65%) Partial (50%) Not (38%) 

 

 

 

4.2 Factors influencing TDF effectiveness  

 

4.2.1 TDF Height 

 

 TDF height captured the amount of sediment and organic material deposited at a TDF, 

and larger amounts of build-up decrease the performance of a TDF as water can more easily 

travel over top a TDF or between the larger gaps in rocks or over the lower edge of a wooden 

waterbar. The results from logistical regression analysis model revealed that three factors were 

statistically significant in predicting undesirable TDF height (<10cm) including 1: TDF 
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material length (p-value = 0.006), 2) existing gaps in TDF (p-value = 0.032), and 3) TDF 

maintenance (p-value = 0.037). Increased TDF lengths were associated with increased odds of 

achieving undesirable TDF height (<10cm). TDFs with the longest lengths were 1.04 times 

more likely than TDFs with the shortest lengths to have undesirable TDF height. Also, TDFs 

with little to no gaps (0-5cm) were associated with increased odds of undesirable TDF height 

(<10cm) at 9.6 times more likely. The last factor influencing TDF height was TDF 

maintenance. TDFs with no evidence of recent maintenance were associated with decreased 

odds of undesirable TDF height (<10cm), they are 93% less likely to have undesirable TDF 

height. 

 

4.1.2 Trench Extension Depth 

 

Trench extension depth measures the amount of sediment and organic material 

deposited in an extended trench; and TDFs with larger trench depths provide a place for water 

to run, increasing the effectiveness of a TDF. Four independent variables were found to be 

significant in predicting desirable trench depth levels (>15cm) in the binary logistical 

regression analysis. These measurement factors included 1) material type (p-value = 0.029), 2) 

average TDF thickness (p-value = 0.017), 3) TSA (p-value = 0.011), and 4) TDF maintenance 

(p-value = 0.004). TDFs that were marked with a material type of wood were associated with 

desirable trench levels (>15cm) and were 12.3% times more likely to have desirable trench 

levels (>15cm). Increased averages in thickness of TDF were associated with increased odds 

of desirable trench depth levels (>15cm) by a likeliness of 1.1%. Also, TSA increased (closer 

to contour lined trails) they were associated with an increased odds of desirable trench depth 
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levels (>15cm) and were 1.1% times more likely to experience desirable trench depth levels 

(>15cm). Lastly, TDFs demonstrating evidence of recent maintenance were associated with 

decreased odds of desirable trench levels (>15cm) and were 94% more likely to have 

undesirable trench depth levels. 

  

4.1.3 Downhill Erosion: 

 

 Downhill erosion may be indicative of poor TDF effectiveness as water is not diverted 

with the help of a TDF and is causing trail erosion below. This dependent variable was 

measured as erosion occurring downhill from the TDF and along the trail and occurring within 

5 meters of the TDF itself. Two factors significant in predicting erosion presence downhill 

included 1) side slope connectivity (p-value = 0.023) and 2) uphill erosion (p-value = 0.002). 

TDFs that were not tied into the side slope of the trail were associated with decreased odds of 

having erosion downhill and were 81.1% less likely to have the erosion present downhill. 

Additionally, TDFs with no erosion uphill along the trail and within 5 meters of the TDF were 

associated with decreased odds of having erosion present downslope and 91.8% less likely to 

have that erosion present downhill. 

 

4.1.4 Effectiveness Rating 

 

The last dependent variable measured was the effectiveness rating of a TDF. This 

measurement was adopted from previous TDF literature and used to help compare 

effectiveness ratings with other dependent variables. The effectiveness rating was intended for 

an ordinal regression model; however the data included too many empty cells, contained a 
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large amount of categorical variables, and the goodness to fit test was rejected, indicating the 

data did not fit the model. Rather, a contingency table was developed to determine the 

association between each individual categorical measurement and the effectiveness rating 

measurement. A Pearson’s Chi-Square test (shown in Table 3.5) determined a significant 

association with the following variables 1) whether the TDF was a waterbar, 2) material type, 

3) construction type, 4) reinforcement type, 5) structure stability, 6) trench extension, and 7) 

maintenance. 

 

Table 3.5. Critical values determining significance, goodness to fit, and relationship strength. 

Measurement p Value Chi-Square Cramér’s V 

Waterbar 

 

.001 15.050 .365 

Material Type .001 19.317 .296 

Construction Type .016 27.685 .353 

Reinforcement Type .005 19.503 .285 

Structure Stability .000 33.817 .380 

Trench Extension .034 6.783 .241 

Maintenance .000 21.330 .427 

 

Detailed results of the contingency table can be found in Table 3.6. Waterbar typed 

TDFs had a strong relationship (V=.365) with overall effectiveness rating. TDFs that were 

recorded as waterbars were 42.2% times more likely than TDFs that were not recorded as 

waterbars (soil material type) to have an “effective” rating. Rock material type TDFs (47.5%) 

compared to wood (26.9%) and soil (0.00%) had an “effective” rating with a moderately strong 

relationship. Sixty-one and a half percent of lateral drains/knicks as a recorded construction 

method contained a “not effective” rating while the flushed construction method had an 

“effective” rating 52.8% of the time. The construction method variable and effectiveness rating 
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variable had a strong relationship. Forty-five percent of TDFs with no reinforcement types 

were found to have “not effective” ratings while TDFs with rock reinforcement types were 

found to have “effective” ratings 58.8% of the time, and these variables had a moderately 

strong relationship. 

 

Table 3.6. Contingency values for significant variables associated with the effectiveness 

rating measurement. 

 
 

Structure stability resulted in a strong association with effectiveness rating. Weak TDFs 

(58.1%) and partially strong TDFs (72.2%) were 3 and 4 times more likely to be recorded with 

“not effective” ratings. The existence of a trench extension received a moderate association 
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strength with effectiveness rating, and 36.0% of TDFs with trench extensions compared to 

11.8% of TDFs without trench extensions had “effectives” ratings. Lastly, the maintenance 

variable resulted in a strong association with the effectiveness rating variable. However, 46.7% 

of TDFs demonstrated evidence of recent maintenance were marked with “effective” ratings 

compared to 66.7% of TDFs marked as no evidence of maintenance marked with “effective” 

ratings. 

 

5. Discussion 

 

TDF height, trench depth, erosion downhill, and an effectiveness rating were used as 

the four dependent variables to help determine which factors influence TDF effectiveness. A 

binary regression analysis resulted in four important factors, three of which were TDF 

Characteristic measurements including wood material type, TDF length, and TDF thickness 

and the fourth, trail slope alignment angle, was a Trail Characteristic measurement. TDFs or 

waterbars with wood material were 12.3% times more likely to have desirable trench levels, a 

characteristic of an effective TDF which parallels National Park Service (1994) results stating 

that waterbars (both rock and wood) were more effective than drainage dips (soil). However, 

a majority of past literature recommends rock material for durability and performance 

(Appalachian Mountain Club, 2008; Birkby, 2005) while the Forest Service’s Trail 

Maintenance Notebook (2007) recommends soil as the material of choice.  

Next, longer length TDFs negatively influenced TDF height, another indicator for TDF 

effectiveness. Longer length TDFs are preferable as described by the Appalachian Mountain 

Club (2008) and the U.S. Forest Service (2007); however TDFs with a longer length have a 



 

53 

longer area along the trail for sediment to travel before it reaches the larger trench. When 

sediment and water hit a TDF the speed decrease allows more opportunity for sediment to 

settle at the drain. TDFs with shorter lengths settle at the same speed; however the water and 

sediment are diverted to the trench more quickly.  

 TDFs with larger average thickness were found to positively correlate with trench 

depth, paralleling existing literature. For instance Grab and Kalibbala (2008), found that 

thinner logs may cause sediment overflow. Appalachian Mountain Club (2008) and Birkby 

(2005) stated that TDF thickness must be at a minimum of 20-30cm. 

TSA also influenced TDF effectiveness as TSAs closer to 90° (side-hill “contour 

aligned” trails) positively influenced trench depth, also described by the Forest Service’s Trail 

Maintenance Notebook (2007) in addition to Appalachian Mountain Club’s Maintenance 

Guide (2008) describing fall-aligned trails (TSA closer to 0°) as hard or “impossible” to drain. 

 The maintenance measurement had significant results for three dependent variables. In 

each variable (TDF height, trench depth, and overall effectiveness rating) the maintenance 

measurement results were unexpected. For example, if a TDF was marked as recently 

maintained, it was more likely that the TDF also had undesirable TDF height and trench depth. 

Additionally, TDFs that were not marked with maintenance were more likely to be recorded 

as effective. Maintenance is described as a very important factor in TDF effectiveness 

(Appalachian Mountain Club, 2008; Birkby, 2005; Eskandari & Hosseini, 2014; Hesselbarth 

et al., 2007) yet the maintenance measurement is unable to capture this intended measurement. 

Additionally, measurements significantly associated with TDF effectiveness included 

waterbars, rock material, flushed construction type, and sturdy stability. One type of TDF can 
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possess all these measurements indicating that TDFs built this way were more likely to receive 

a higher effective rating than drains that possessed other qualities. The overall effectiveness 

rating measurement may be too subjective to accurately capture TDF effectiveness in the 

absence of other more objective measurements. 

 One measurement that a majority of literature mentions is the TDF to tread angle, 

recommending a 45-degree measurement or a range very near 45 degrees (Appalachian 

Mountain Club, 2008; Birchard & Proudman, 1982; Birkby, 2005; Hesselbarth et al., 2007; 

Upland Path Advisory Group, 2004). This angle measurement did not surface as an indicator 

of effectiveness with the dependent variables used in this study. Another commonly mentioned 

measurement is trail grade for example Birchard & Proudman (1982) and the U.S. Forest 

Service (2007) state that steeper grade trails will clog TDFs however trail grade had no 

significant impact on TDF height or trench depth.  Lastly, reinforcements also had no 

significant impact in any of the selected dependent variables in the study and yet the 

Appalachian Mountain Club (2008), Birchard & Proudman (1982), Birkby (2005) and U.S. 

Forest Service (2007), all recommend the need for stakes and/or material reinforcements of 

TDFs. 

Several key factors highlighted in past literature including TDF to tread angle, grade, 

and reinforcement type were not found to significantly impact TDF effectiveness in this study. 

Results highlighted several key factors in determining overall TDF effectiveness and two 

factors (TDF length and wood material type) also contrasted with exiting literature on TDFs. 

Additionally, several measurement factors including maintenance and the effectiveness rating 

were unexpected. These results may be attributed to a small sample size or an inconsistency in 
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grade recording.  Additionally, results for maintenance and the effectiveness rating may be due 

to the measurement’s inherent level subjectivity.  

 

6. Limitations 

 

 The measurements in this study were intended for a multiple regression model and 

therefore contained very detailed measurements. However, a multiple regression analysis 

could not be used because the data did not meet all the assumptions, specifically the 

measurements did not have a linear relationship. Moving forward, such detailed and numerical 

measurements may not be useful for similar studies as categorical measurements may be 

sufficient in analysis. While this study collected data over a variety of landscapes and regional 

jurisdictions, larger sample size may be needed to run a multiple regression analysis model. 

Additional measurements to be considered in future research include TDF spacing along the 

trail, the out slope percentage of the trail, and a measurement of how far the trench extends 

past the trail. 

 Setbacks with the dependent variables were anticipated as it is difficult to control for 

all the variation that can occur within one TDF in addition to the fact that the site location (AT) 

contains a trail that is almost 100 years old.  

 

7. Implications 

 

7.1 Research implications 

 

It is ideal that this research be conducted in a more controlled environment especially 

due to its relatively new and introductory phase. The assessment should be tested on TDFs that 
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are installed on a newly constructed trail. A variety of TDFs can be installed with exact known 

measurements prior to the assessment. The assessment can be conducted four times over the 

course of one year with the first measurements taken after construction and then following 

every three months. This longitudinal and controlled experiment will help determine the 

validity of the dependent variables. 

Additionally, research is needed comparing TDFs to other existing forms of water 

drainage such as grade reversals and tread outsloping as TDFs are not the only form of drainage 

feature used to combat erosion problems and control for water diversion. Key factors found in 

this study as well as other popular measurements such as trail grade and TDF to tread angle 

should be monitored for performance during live water events such as rainstorms.  

 

7.2 Management implications 

 

Results from this study will allow managers to improve the health and sustainability of 

trails with the construction and maintenance of higher performing TDFs.  

 TDFs should be built with appropriately sized material. Material with larger depth and 

thickness is more conducive for water and sediment diversion. For example, TDFs should have 

a minimum thickness and depth level of 12cm. The thickness and depth levels are measured 

after the TDF material has been properly installed and buried into the trail.  

 Trails that are narrower in length will have more positive TDF installation results. 

TDFs on narrower trails are able to self-clean more efficiently thus avoiding sediment build-

up and enabling water to more easily pass over top a TDF. TDFs may not be a solution for 

erosion problems or water control on wider trails (more than 2 meters across). Erosion issues 
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such as water pooling or rock/root exposure are trail problems in which a visitor is more likely 

to avoid the problem area by passing on either side of the pre-existing trail. These erosion 

problems may cause trail widening and thus longer length TDFs would have to be constructed. 

TDFs with longer lengths are not as efficient at sediment removal and water diversion. 

 TDFs are not an effective management solution for trails created along a fall line. Trails 

traveling parallel to the fall line of the existing landform may first be conducive to trail 

widening in addition to the fact the TDFs are not able to divert water and sediment build-up. 

Along fall-line trails, other forms of drainage and erosion control features should be explored. 

However, TDFs should be utilized on contoured trails or trails that closer resemble contoured 

angles (45°-90°). 

Additional research is needed comparing TDFs to other existing forms of water 

drainage such as grade reversals and tread outsloping as TDFs are not the TDFs are not the 

only form of drainage feature used to combat erosion problems and control for water diversion. 

Key factors found in this study as well as other popular measurements such as trail grade and 

TDF to tread angle should be monitored for performance during live water events such as 

rainstorms. Lastly, a longitudinal TDF study is needed to monitor long-term TDF impacts on 

erosion features and water control.    

 

8. Conclusion 

 

The integrity and health of trail systems in protected areas is enhanced by the quality 

of TDF effectiveness. It is important to understand the most appropriate places to construct 

TDFs as well as key attributes to include in a TDF in order to maintain trail sustainability. 
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Visitors who participate in outdoor recreation along unpaved trails will benefit with higher 

quality TDFs thus improving the quality of the trail and a visitor’s experience. TDFs offer a 

solution to water-induced erosion control and can be constructed and maintained on narrowly 

unpaved trails in areas that are contoured to the surrounding landform given proper 

maintenance and materials such wide wooden logs. After highlighting key factors that impact 

TDF effectiveness, more research is needed to continue to improve our understanding in trail 

drainage systems. 
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CHAPTER 4: General Conclusions 

 

The overall goal of this study was to better understand the variety of TDFs and 

corresponding attributes that are constructed in mountainous terrains in order to increase trail 

sustainability and improve trail design. This thesis provided additional insight through two 

objectives. 1) To develop and test a field assessment method for human-constructed TDFs, and 

2) Examine key factors that are important in determining the effectiveness of TDFs that occur 

in mountain terrains. 

 I reviewed construction and maintenance “best practices” handbooks from land 

management agencies, handbooks from non-governmental organizations associated with trail 

building, existing scientific literature related to drainage features used on hiking trails, logging 

roads, and unsurfaced backcountry roads, as well as personal knowledge and experience gained 

directly from participating and leading trail-building crews for three years.  

 The trends that emerged from this review include 1) limited empirical data exists on 

this subject specifically with human-created TDFs along unsurfaced trails, 2) no 

comprehensive method TDF assessment exists, 3) existing literature describes many different 

variables claiming to influence TDF effectiveness however existing literature is not consistent 

in listing factors.  Together these trends highlight the need for an assessment tool and objective 

measureable data. 

 I used knowledge and information gained from professional handbooks, scientific 

literature, and personal experience to create and test a TDF field assessment method that could 

generate timely and objective data supporting analysis and evaluation, thereby better informing 

trail and TDF management decisions and contributing to the long-term sustainability of trails.  
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 Measurements for the proposed assessment tool were compiled from the existing 

literature. The TDF assessment tool was pilot tested on the Appalachian Trail in western North 

Carolina providing information and areas for which to improve and modify and was then tested 

for inter-rater reliability (IRR) in Baxter State Park, Maine along the AT as well as Umstead 

State Park in Raleigh, North Carolina. The information gained from the IRR analysis was used 

to further revise the form and provide a solid objective measurement to use in the field to better 

understand factors of TDF that influence overall effectiveness. 

This newly developed field assessment tool was then used on the northern one-third of 

the Appalachian Trail using a pre-determined GRTS sampling strategy producing fifty 

transects in each twenty-one segments. This sampling method was conducive for TDF data 

collection as it allowed a variety of TDFs to be sampled that are were not only built and 

managed by a variety of people but also located in a variety of ecosystems that can occur in 

mountain regions. Results from this study in Chapter 3 can inform management right away and 

also inform future research on how best to continue to develop the TDF field assessment form. 

This research informs management today because we know TDFs identical or very 

similar to the ones sampled in this study can be used as a tool to help manage surface runoff 

thus managing and reducing trail problems. First, the developed assessment tool provides a 

comprehensive multi-parameter field tool that managers can use to inventory and document 

individual mountainous TDFs located in their management units or along desired trails. This 

tool allows managers to identify undesirable and desirable traits that are present within existing 

TDFs for which land managers can act accordingly. Additionally, the TDF assessment tool can 

be used to justify time, money, and resources to improve and maintain trail systems. For 
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example, if an abundance of TDFs are deemed ineffective because they contain undesirable 

traits as decided by the trail maintenance team, this assessment tool can be used to demonstrate 

a need for TDF replacement and maintenance of the ineffective TDFs. 

Secondly, TDFs are a trail management tool that is best used in the right conditions as 

highlighted in Chapter 3. These conditions include narrow trails (no larger than 2m) and trails 

constructed with a contoured trail alignment (45-90 degrees). Additionally, when constructing 

TDFs, material such as wood and material that is at least 12cm wide will improve the 

performance of a TDF. The use of the assessment tool in the field can allow for statistical 

analysis that sheds light on appropriate situations for which to construct mountainous TDFs. 

TDFs are an effective way to control for surface runoff however they may not be a 

solution for all trail problems or trail types. More research is needed on TDFs to better 

understand their overall effectiveness as well as to improve the current field assessment tool. 

Better control with external factors within the experimental design will be helpful in future 

analysis. For example, this study would be improved if the assessment tool was utilized on a 

newly built trail preferably containing a variety of trail drainage features. An inventory 

documentation of all TDFs would take place to provide measurement base numbers. Then the 

TDFs would be sampled longitudinally (i.e. every 3 or 4 months) and documented accordingly.  

 A longitudinal study will provide a needed larger sample size providing researchers 

with the ability to run a multiple regression analysis helping to identify additional key factors 

that improve TDF effectiveness. Additionally the field assessment tool can be modified 

throughout this research by incorporating more precise measurements (such as LiDAR data) 

and incorporating additional measurements outlined in the discussion section of Chapter 3.  
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Once 5-7 key factors are identified, the next step is to construct a rapid field assessment that 

can provide managers with a quick and easy tool to use to assess all existing TDF effectiveness 

along a trail system or in a park unit. Additionally, the rapid assessment can be used as a TDF 

construction guide and inform trail managers and planners on future TDF construction 

methods.      

Mountainous TDFs may not be a solution to all surface runoff and trail problems. For 

that reason, additional research is needed that incorporates other drainage features such as 

grade reversals, rock culverts, and tread outsloping. Event based research is necessary to 

observe and record trail drainages during live rainstorms as well as the continued development 

of field assessment tools for these different types of unsurfaced drainage features. More 

information about a larger scope of drainages that can occur on unpaved surfaces will inform 

managers by proving them with a variety of tools to combat surface runoff and trail problems 

with the correct and most effective drainage feature.  

In addition to more research, mountainous TDF discussion should be a multi-

disciplinary conversation as TDF topics include land management, soil erosion, surface runoff, 

and natural resource impacts. The TDF assessment tool can be improved with a discussion 

across multiple disciplines including recreation ecology, forestry, hydrology, soil science, and 

environmental management. 

Drainage features that are highly effective will reduce surface runoff as well as erosion 

caused by running water on tread that can lead to other trail problems. Additionally, effective 

TDFs will ultimately improve trail sustainability. Trail sustainability is important for the health 
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and well-being of visitors as well as the surrounding natural resources. TDFs offer one solution 

that managers can use to increase trail sustainability.  

 



 

67 

APPENDICES 



 

68 

Appendix A: Trail Drainage Feature Field Assessment Tool Form 
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Appendix B: Trail Drainage Feature Measurement Description 
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Appendix C: Trail Drainage Feature Measurement Illustrations 
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