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Na Āla Hele Trail Vulnerability Analysis

Introduction
The allure of hiking trails in Hawaiʻi has surged as they increasingly serve as conduits to health

and well-being and as essential tourism features. These trails, situated within Protected Natural Areas
(PNAs), grant tourists and locals access to the islands’ most captivating natural features, promoting
physical activity and environmental appreciation (Tomczyk, 2011). As vital components of Hawaiʻi's
tourism infrastructure, these trails offer unique insights into the state’s diverse landscapes—from volcanic
formations and lush rainforests to expansive shorelines—highlighting the intricate interplay between
Hawaiʻi’s geological and ecological attributes.

Trends suggest that tourists are particularly drawn to the distinct aspects of their travel
destinations, such as landscape and biodiversity, which enhance the appeal and usage of recreational trails
(Smith & Newsome, 2002). Hiking interest could reflect broader environmental awareness and the desire
to connect with nature amidst global ecological changes, including climate change. As climate change
continues to alter weather patterns, sea levels, and biodiversity, the ecological integrity of these trails is at
risk, with potential impacts on soil composition, plant communities, and overall trail conditions becoming
more pronounced (DLNR, 2008; IPCC, 2021).

Moreover, the changing climate poses additional challenges for trail management and
conservation. Increased extreme weather events, such as heavier rainfall and storms, can exacerbate soil
erosion and damage trail infrastructure, complicating efforts to balance conservation with public access
(Marion & Leung, 2001; Chang, 2016). As Hawaiʻi's trails become even more critical for understanding
environmental changes and fostering climate resilience, strategic management, and adaptive measures
will be essential to preserve these natural corridors.

In Hawaiʻi, a diverse coalition of stakeholders—including state and federal agencies such as the
Department of Land and Natural Resources and the National Park Service, as well as local communities
and non-profit organizations—continuously work to harmonize conservation initiatives with the dual
goals of enhancing visitor experiences and leveraging economic benefits from tourism. The Nā Ala Hele
program, instituted by the State of Hawai‘i in 1991, exemplifies these efforts by managing public
resources that support hiking and management activities, scientific research, hunting, and climate change
response (DLNR, 1991). Addressing the program's challenges requires careful consideration of usage
thresholds and active management of trail use to prevent ecological degradation while maintaining
high-quality trail conditions. Studies have consistently identified soil erosion, vegetation trampling, and
trail widening as significant issues from increased trail traffic. These impacts call for advanced, adaptive
management strategies to mitigate environmental damage (Hammitt et al., 2015; Olive & Marion, 2009).

Our research explores the factors influencing trail health and degradation, advocating for a
systems-based approach to sustainably managing Hawaiʻi’s trail infrastructure. The goal is to model trail
susceptibility and vulnerability to degradation by analyzing various conditioning factors. These include
trail users, slope, land cover type, elevation, soil, and rainfall patterns—variables that can be efficiently
gathered and processed using Geographic Information Systems (GIS) (Johnson, 2014; Tomczyk, 2011).
Using a social-ecological system (SES) framework, our study will integrate ecological sensitivity
assessments with social dynamics to offer a holistic view of human use and environmental health
interactions. This approach will leverage GIS technology to gather data and visualize and analyze the
interdependencies within the ecosystem, facilitating the development of targeted management strategies
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that address conservation and visitor needs (Berkes & Folke, 1998; Gunderson & Holling, 2002). We aim
to provide actionable insights that can guide the management of Hawaiʻi’s trails, ensuring their
sustainability and resilience against both anthropogenic pressures and natural variations. We hope to
contribute to the global discourse on sustainable tourism and conservation practices in sensitive ecological
zones.

Study Area
In our study, we have strategically chosen three distinct trails on the island of Oʻahu to pilot our

methodology, each situated within a unique elevation zone that showcases the varied ecological and
cultural landscapes of Hawaiʻi. This selection is designed to provide a comprehensive overview of the
different environmental sensitivities and the impacts of recreational activities across the state’s diverse
ecosystems.

a) Puʻu Ohiʻa Trail (Mount Tantalus)
Located in the upland rainforests of Oʻahu, the Puʻu Ohiʻa Trail, commonly known as the

Tantalus trail, takes you through some of these forested areas where many native and exotic birds have
found a home. The area is characterized by high moisture content and dense foliage. The mid-elevation
trail that winds up this mountain is a moderate 1.03-mile loop and passes through a dense rainforest,
where hikers can observe a variety of native Hawaiian plants.

b) Kaʻiwa Ridge Trail
The Kaʻiwa Ridge Trail offers panoramic views of Oʻahu’s eastern coastline, including the

Mokulua Islands. The trail traverses through dryland vegetation at a lower elevation and features historic
World War II-era pillboxes. The coastal proximity exposes this trail to marine air and salt spray impacts,
which can accelerate the wear and degradation of both natural and built environments. Furthermore, its
popularity among tourists and locals for sunrise hikes significantly contributes to trail overcrowding,
trampling of vegetation, and potential disturbances to nesting seabirds.

c) Hawaiʻiloa Trail
The Hawaiʻiloa Trail, located in the island's northern part, cuts through various ecosystems from

coastal lowlands to higher-elevation forest zones. This trail is particularly important for its cultural
heritage, named after a legendary Polynesian navigator. The diversity of its terrain—from native lowland
forests to invasive species-dominated areas—provides an ideal setting for studying the impacts of human
activity on both native and introduced flora and fauna, as well as the effectiveness of restoration efforts
aimed at preserving native biodiversity.
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Map of Puʻu Ohiʻa, Hawaiʻiloa, and Kaʻiwa Ridge trails

Methodology
Recreational trails, when improperly used or exposed to climate variability, can lead to

considerable environmental degradation. Primary indicators of such impacts include destroyed vegetation
cover and soil erosion. Due to the impracticality of directly measuring all factors contributing to these
indicators, our methodology adopts indirect measures such as assessing the vulnerability of plant
communities to trampling and soil susceptibility to erosion processes (Hammitt et al., 2015; Johnson,
2014; Olive & Marion, 2009; Tomczyk, 2011). This approach facilitates the evaluation and mitigation of
the adverse effects of recreational activities on natural landscapes.

Incorporating a socio-ecological systems approach broadens the perspective, acknowledging that
human and natural systems are intertwined and impact one another. The SES framework encourages the
integration of social dynamics, such as the patterns of trail use by different user groups, and ecological
dynamics, such as the response of specific plant species to human-induced stress. Understanding these
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interactions helps craft more effective conservation strategies that address the root causes of degradation
while considering user needs and behaviors (Folke et al., 2005).

Our approach:
a) To effectively manage the environmental impacts of recreational trails, our initial step involves

using Kumu.io. This sophisticated mapping tool allows for the visualization of complex interactions
within ecosystems. Systems mapping is critical for understanding the pressures exerted on Hawaiʻi's trail
systems. Our methodology integrates key ecological and social dynamics: ecological sensitivity (plant and
soil distribution), topographical factors (elevation and slope), and social dynamics (patterns of trail usage)

Figure 1: System map showing interconnections between elements contributing to trail
vulnerability, interlinkages with human interactions, and how effective management strategies can
balance the system.
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Figure 1a: Detailed system map of effective management strategies.

Figure 1b: Detailed system map of contributing factors to trial health
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Figure 1c: Detailed system map of contributing factors to trial vulnerability

1. Data Preparation
We collected data on rainfall, soil, and land cover from the USGS website. Additionally, the

stakeholders provided digital elevation models (DEMs) and trial data. Assuming human usage data as a
constant value (K) across all trails, we imported the shapefiles for the trails along with the other datasets
into ArcGIS Pro. This step included thorough checks for inconsistencies or missing data within the
datasets. The trails were buffered by 5m each.

2. Digital Elevation Model (DEM) Analysis
The DEM shapefiles were utilized to calculate the slope of the trails. Analyzing the slope was

crucial for understanding potential erosion risks and the aspects influencing microclimatic conditions that
could affect trail health.

3. Rainfall Data Integration
Using spatial join techniques, we associated the rainfall data with the trail locations. This

integration allowed us to evaluate how different rainfall intensities could impact each trail section,
providing insights into the hydrological stress on the trails.

4. Landcover Analysis
We performed landcover classification to identify the types of vegetation surrounding the trails.

Following this classification, we conducted a qualitative assessment of plant vulnerability based on
resistance, resilience, and tolerance to trampling, as discussed by Cole (1995). This assessment was
particularly pertinent in mountainous regions where trampling might quickly degrade plant cover,
subsequently initiating erosion processes. We modeled our approach on the methods outlined by Tomczyk
(2011), aiming to assess the vulnerability of plant communities accurately.

5. Soil Analysis
Our soil analysis mirrored the approach taken for the plant cover assessment. We gained further

insights into the environmental pressures affecting trail stability by evaluating the soil types and their
susceptibility to erosion and degradation.
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Figure 2: Utilizing ArcGIS Pro Model Builder to pilot methodology for trail vulnerability

Results and recommendations
Managing trails in diverse ecological settings like those found at Hawaiʻiloa, Puʻu Ohia, and

Kaʻiwa Ridge requires a nuanced approach that balances recreational use with environmental
preservation.

High-elevation trails such as Hawaiʻiloa are susceptible to soil erosion, primarily due to the steep
inclines and fragile soil composition characteristic of high-altitude environments. Significant disruption of
native plant communities is possible, with high-altitude species showing decreased resilience to frequent
foot traffic. Hikers could also be transporters of alien plants disrupting the ecosystems.

Management strategies should focus on minimizing soil disturbance and protecting fragile plant
communities. This can be achieved through:

● Pathway Reinforcement: Implementing trail hardening techniques, such as using geotextiles or
reinforced gravel, can help reduce erosion (Marion and Wimpey, 2017).

● Controlled Access: Designating specific trail routes and restricting off-trail access can limit
environmental degradation (Newsome et al., 2012).

● Restoration Projects: It can be crucial to initiate recovery projects to restore vegetation and
stabilize the soil (Cole and Landres, 1996).

Mid-elevation trails like the Puʻu Ohia trail are susceptible to moderate erosion, influenced by less steep
terrain but compounded by expected higher visitor numbers, resulting in biodiversity loss, particularly in
areas with inadequate trail design that allows for off-path travel.
These trails require adaptive management to handle moderate erosion risks and preserve biodiversity:

● Erosion Control: Installation of water bars, check dams, and switchbacks can effectively manage
water flow and reduce soil erosion (Leung and Marion, 1999).

● Trail Rerouting: Periodically assessing trail conditions and rerouting trails away from sensitive
areas can help mitigate impact (Leung and Marion, 2000).

● Native Species Preservation: Engaging in native species planting and invasive species removal to
enhance biodiversity (Anderson et al., 2005).
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Coastal trails like Kaʻiwa Ridge are susceptible to increased soil moisture loss, and accelerated erosion
processes were significant, exacerbated by coastal winds and solar radiation. Increased soil moisture loss
and accelerated erosion are significant, exacerbated by coastal winds and solar radiation.
Low-elevation/coastal trails are particularly vulnerable to erosion and require specific interventions:

● Durable Surfaces: Trails should be constructed with materials that can withstand harsh coastal
conditions, such as elevated boardwalks or stabilized gravel (Carter et al., 2015).

● Visitor Management involves implementing guidance systems with educational signage and
strategically placed barriers to guide visitor behavior and protect sensitive areas (Shafer et al.,
2000).

Key Project Outputs Include:
GIS Model Builder Methodology
Map of Puʻu Ohiʻa, Hawaiʻiloa, and Kaʻiwa Ridge (Appendix 1)
Map of Puʻu Ohiʻa, Hawaiʻiloa, and Kaʻiwa Ridge Rainfall Distribution (Appendix 2)
Map of Hawaiʻiloa Ridge Trail Landcover Distribution (Appendix 3)
Table of Hawaiʻiloa Ridge Trail Landcover Plant Vulnerability (Appendix 3a)
Map of Puʻu Ohiʻa Trail Landcover Distribution (Appendix 4)
Table of Puʻu Ohiʻa Trail Landcover Plant Vulnerability (Appendix 4a)
Map of Kaʻiwa Ridge Trail Landcover Distribution (Appendix 5)
Table of Hawaiʻiloa Ridge Trail Landcover Plant Vulnerability (Appendix 5a)
Map of Hawaiʻiloa Ridge Soils Distribution (Appendix 6)
Map of Kaʻiwa Ridge Soils Distribution (Appendix 7)
Map of Puʻu Ohiʻa Soils Distribution (Appendix 8)
Table of Soil Erodibility Characteristics (Appendix 9)
References

Impacts
Examining the susceptibility of trails to environmental degradation through a comprehensive

GIS-based analysis contributes valuable insights into sustainable land management practices.
Scientifically, the study advances our understanding of the interplay between recreational use and
ecosystem health, providing insights to refine soil erosion and vegetation vulnerability models.

The results of this study are instrumental for policy-makers and trail managers in formulating
effective conservation policies and management practices. Adopting the recommended strategies can
ensure these natural recreational areas' long-term sustainability and resilience. Furthermore, the study
advocates for ongoing monitoring and adaptive management to respond to evolving environmental
conditions and recreational demands.

On a broader level, our findings can enhance public awareness about the importance of
responsible recreation, fostering a culture of stewardship among trail users. By aligning recreational
interests with conservation goals, this study supports the sustainable enjoyment of natural areas, ensuring
they remain accessible and vibrant for future generations.

Outputs and Outcomes
The study has produced several key outputs significantly contributing to trial health research.

Among these outputs are shared methodologies and raster datasets, detailed trail maps, and



Olivia Boucher
Ann Nyambega

5/6/2024

comprehensive tables that catalog the vulnerability of plant communities and soil conditions. These
resources enhance our current understanding of trail ecosystems and foster collaboration among
researchers by providing valuable tools for further study.

Additionally, the project has facilitated continued learning and skill development in Geographic
Information Systems (GIS) for participants. By engaging with complex GIS analyses and problem-solving
scenarios, researchers and stakeholders involved in the project have honed their technical abilities and
analytical thinking, which are crucial for addressing environmental and conservation challenges.

The outcomes of this project extend beyond academic enrichment, directly impacting practical
aspects of trail management. One significant benefit is a deeper understanding of effectively allocating
time and resources for trail maintenance, especially with limited personnel. This insight is critical for
maximizing conservation efforts' efficiency and ensuring trail environment sustainability.

Moreover, the necessity and scope of this work have been delineated and warrant further
investigation. This pilot GIS project conserves time and energy for trail health researchers. It serves as a
foundation for building more robust skills and diverse perspectives in problem-solving within GIS
analysis. Through collaborative efforts, this project not only advances the field of trail health but also
equips researchers with the tools and knowledge to tackle future challenges more effectively.
Next Steps

Researchers have informed us that they are hosting workshops to solicit information on land
cover vulnerability over the next year. Further, recommendations include selecting other trails across the
island to pilot with the model builder methodology. Also, adjusting the weights of how the vulnerability
analysis will consider several factors of trail susceptibility.
Reflection

This trail suitability analysis represents a significant step forward in understanding the complex
interactions between recreational trail use and environmental health in Hawaiʻi's diverse ecosystems. By
integrating GIS technology with ecological sensitivity assessments and social dynamics, we have gained
valuable insights into the vulnerabilities and resilience of our trail systems. We encountered challenges
and limitations throughout the research process, including data availability, technical constraints, and the
need for more collaboration. However, these challenges also presented opportunities for innovation and
learning, driving us to develop creative solutions and further collaborate to problem solve.
Conclusion:

The pilot study provides a foundation for informed decision-making and strategic management of
Hawaiʻi's trail infrastructure. By identifying key factors influencing trail health and degradation, we can
develop targeted interventions to preserve natural ecosystems, enhance visitor experiences, and promote
sustainable tourism practices. Moving forward, it is imperative to continue monitoring and assessing trail
conditions, implementing adaptive management strategies, and fostering collaboration among
stakeholders to ensure the long-term sustainability and resilience of Hawaiʻi's trail systems. Through
ongoing research, education, and outreach efforts, we can work towards a future where recreational trails
serve as conduits for environmental conservation, cultural preservation, and outdoor recreation enjoyment
for generations to come.
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Appendix
1. Map of Puʻu Ohiʻa, Hawaiʻiloa, and Kaʻiwa Ridge trails

2. Map of Puʻu Ohiʻa, Hawaiʻiloa, and Kaʻiwa Ridge Rainfall Distribution
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3. Hawaiʻiloa Ridge Trail Landcover Distribution

a. Hawaiʻiloa Ridge Trail Landcover Plant Vulnerability
Type Vulnerability Class Reason

Low-stature ohia wet forest High Ohia forests contain delicate ecosystems, particularly in wet conditions where
soil and understory plants are highly sensitive to disturbances.

Open ohia wet forest High

Alien wet shrubland High

Alien wet forest High
Wet environments often have softer soils and sensitive understory vegetation
that can be easily damaged by trampling.

Closed ohia wet forest High

Alien mesic forest Medium
Mesic areas, with moderate moisture, might have better recovery rates but still
maintain sensitivity to heavy trampling.Alien mesic shrubland Medium

Low-intensity developed Low
These areas are typically more resilient to trampling due to established
pathways and possibly reinforced vegetation areas.

Alien dry forest Medium
Similar to dry grasslands, the recovery might be slow and susceptibility to
soil degradation is a concern.
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4. Puʻu Ohiʻa Trail Landcover Distribution

a. Puʻu Ohiʻa Trail Landcover Plant Vulnerability
Type Vulnerability Class Reason

Alien wet forest High
Wet environments often have softer soils and sensitive understory vegetation
that can be easily damaged by trampling.

Alien wet grassland Medium-high

Grasslands may recover relatively quickly from trampling but wet
conditions can lead to higher susceptibility to soil compaction and
waterlogging.

Low intensity developed Low
These areas are typically more resilient to trampling due to established
pathways and possibly reinforced vegetation areas.
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5. Kaʻiwa Ridge Trail Landcover Distribution

a. Hawaiʻiloa Ridge Trail Landcover Plant Vulnerability

Type Vulnerability Class Reason

Low intensity developed Low
These areas are typically more resilient to trampling due to
established pathways and possibly reinforced vegetation areas.

Alien dry grassland Medium
Dry conditions may mean less immediate damage from trampling,
but recovery of vegetation can be slow due to water scarcity.

Alien dry bushland Medium
Dry conditions may mean less immediate damage from trampling,
but recovery of vegetation can be slow due to water scarcity.

Kiawe dry forest and shrubland Medium to High

Kiawe, being a thorny species, offers some natural barrier to
trampling, yet dry conditions can lead to higher susceptibility to
erosion.
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6. Hawaiʻiloa Ridge Soils Distribution

7. Kaʻiwa Ridge Soils Distribution

8. Puʻu Ohiʻa Soils Distribution
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9. Soil Erodibility Characteristics
Soil name Erodibility characteristics

Kokokahi
Moderately well-drained, medium to rapid runoff; slow to moderately slow
permeability.

Stony_steep_land

Rough_mountainous_land

Tantalus Well drained; medium to rapid runoff; moderately rapid permeability.

Cinder_land

Rock_land

Lahaina
Well drained; slow to rapid runoff, depending upon slope; moderate
permeability.
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