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ABSTRACT  
 
Caribbean islands typically possess a series of similar geographical characteristics which 
include small size, mountainous terrain, and a large proportion of the population settling on the 
coast or on steep hillsides. These characteristics, combined with the impacts of climate change, 
which include but are not limited to, an increase in frequency, intensity, duration, and 
unpredictability of hurricanes and other rainfall events create vulnerability to various hazards 
within Caribbean islands. One such hazard is landslides, which can potentially cause significant 
social, environmental, and economic losses. The limited literature available on the causative 
factors of landslides in Caribbean Small Island Developing States (SIDS) highlights the need for 
further analysis on the subject matter. It follows that the nature of landslides in Caribbean SIDS 
remains unclear, since far too little attention has been paid to the complexity of rapidly growing 
urban areas, the continued unpredictability associated with climate change, and land scarcity. 
As a result, this research aims to combine quantitative statistical analyses, geoinformatics, and 
the principles of urban resilience to not only determine the causative factors of landslides, but 
also to propose suitable urban resilience adaptations. By analyzing and determining local 
causative factors, change impacts, consequences, and appropriate resilience strategies can be 
formulated. The proposed study area for this research is Trinidad, a Caribbean SIDS. Identifying 
the main contributors also improves the ability of relevant stakeholders to develop suitable 
urban resilience-based regulations, policies, and other effective multi-stakeholder initiatives in 
hazardous areas. Thus, through the results of this research, it is hoped that urban resilience 
adaptations and mitigation initiatives, which will potentially improve Trinidad’s resilience to 
landslides, and by extension, climate change, will be adopted.   
 
Keywords: Landslides, Urban Resilience, Caribbean Small Island Developing States, Risk 
Resilience.  
 
INTRODUCTION  
 
The intensity and frequency of technological and natural disasters have been steadily 
increasing; the number of natural disasters has almost tripled from approximately 1300 events 
from 1975 to 1984, to almost 3900 for the period 2005-2014 (EM-DAT 2015 Thomas and Lopez 
2015). According to the Emergency Events Database (EM - DAT), 84% of these disasters have 
been weather-related (IFRC 2018). These disasters directly, significantly, and negatively impact 
the environmental, social, and economic sustainability of countries throughout the world (White 
et al. 2004). Among the negative impacts are the rapid decline of Gross Domestic Product 
(GDP) growth and the saving rates of developing countries, particularly in the Caribbean region 
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(Bello 2017 and Rigolet 2015). Within the Caribbean context, it follows that increased attention 
was placed on reducing disaster risk (CDEMA 2017). There has also been the shared urgency 
for focus to be placed not only on the post-disaster phases, but also on the pre-disaster phases 
(Wamsler 2008; CDEMA 2017). This multi-faceted focus is particularly necessary since the 
Caribbean region is susceptible to a variety of geophysical, climatological, hydro-meteorological, 
biological, and technological disasters. Additionally, the Caribbean’s complex range of cities is 
one of the most disaster-prone regions in the world, with risk to SIDS ranging from High to Very 
High on the World Risk Index (Bündnis Entwicklung Hilft 2017). 
 
One of the more threatening disasters within the Caribbean region is landslides. For the period 
2004 to 2013, there was an estimated 611 landslides within the Caribbean and Latin America, 
where approximately 11,630 persons lost their lives (Sepúlveda and Petley 2015). There is also 
the economic cost associated with landslides, which occurs as a result of the cost to repair 
damages to infrastructure, a decline in property value, a decline in productivity in impacted 
areas, and the cost of mitigation (Schuster and Highland 2001). In 1989, the average cost 
associated with landslide research, repair and general maintenance, was estimated at more 
than $15 million per year (DeGraff et al., 1989). Consequently, landslides are one of the more 
dangerous and costly disasters that occur as a result of both natural and human-made 
processes (Kirton 2013).  
 
The Caribbean’s susceptibility to this hazard is deeply rooted in its history. The Caribbean SIDS 
colonial history dictated the development of urban centers (Gencer 2013). Most cities in 
Caribbean SIDS developed in coastal areas due to the proximity to port facilities, which allowed 
for imports and exports of goods and services (Gencer 2013). These were the central locations 
of administrative activities, and for many of the islands, this situation has remained (Potter 
1993).  Moreover, these coastal ports of entry were typically guarded inland by forts located on 
hills as a means of protection. Rapid urbanization and population growth led to urban sprawl 
into these nearby undulating hillsides. One of the long-term results was the development of a 
variety of physical infrastructure such as housing and roadways on land with steep 
topographical characteristics. Socio-economic and environmental factors are also instrumental 
in exacerbating hazardous conditions. Among these are deforestation, inadequate slope 
grading, altering of natural drainage patterns, and poorly planned drainage infrastructure. 
Furthermore, an increase of development on the steepest and undulating topography has led to 
an increase in frequency, scale, and intensity of landslide hazards in the Caribbean region.  
 
There is a growing body of knowledge that suggests that, in addition to the geophysical 
characteristics, the Caribbean’s heightened susceptibility also lies in the increased frequency 
and magnitude of disastrous events as a result of climate change, as well as rapid urbanization 
rates and harmful land-use practices (Mycoo and Donovan 2017). The region is sensitive to a 
variety of shortcomings, such as environmental degradation, poverty, unemployment, and a 
high concentration of persons in urban centers (Gencer 2013). These factors, coupled with 
population density, high topography resulting in limited access to flat land, and the proximity of 
urban centers to the coast, have resulted in development settlements and other infrastructure 
being located on unsuitable and unstable land.  
 
Therefore, the Caribbean’s vulnerability does not only lie in the physical topographical and 
geographical characteristics of the respective islands; these physical characteristics play a 
significant role since the Caribbean’s population does not possess the luxury of migrating their 
urban areas to less vulnerable locations on the island. Consequently, there is a pressing need 
to adapt and recover from such disasters. For this reason, the concept of resilience has been 
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building significant momentum in the field of urban planning and by extension, disaster risk 
reduction.  
 
Resilience is based upon the concept of “bouncing back” and refers to the system’s ability to 
recover from, adapt to, and absorb the effects of hazards (Wallemacq et al 2018). Initially, the 
resilience concept was solely used to characterize ecological ecosystems. At that time, 
resilience was solely based upon complex ecological organisms’ ability to learn, self-reorganize, 
adapt, or recover, without losing key functions (Meerow and Newell 2016). As a result of these 
organisms’ complex and dynamic characteristics, the organisms were soon likened and can be 
applied to complex urban systems (Meerow and Newell 2016). 
 
The concept of resilience facilitates a paradigm shift in which disasters and hazards are 
analyzed, reduced and mitigated. There is no longer a need to manage the catastrophic effects 
of the event, but rather, the goal lies in increasing the system’s adaptive capacity to adjust to 
potential adverse impacts and swiftly respond to consequences. On that account, the expansion 
of the term “resilience” to “urban resilience” becomes exceedingly important in today’s world. In 
1950, the world’s urban population was 751 million persons (UN 2018). In 2018, the urban 
population stood at 4.2 billion persons (UN 2018). The UN's Department of Economic and 
Social Affairs estimates suggest that this represents 55% of the world’s population. The rural to 
urban living pattern shift is expected to grow to over 68% in 2050. These urban areas are 
stretched and scattered along seismic fault lines, flood basins, steep hillsides, and volcanic 
mountains. Thus, analyzing, understanding, and building the resilience of urban areas is crucial 
to protecting humans and the environment in which they live.  
 
More than that, operationalizing resilience in urban areas supports the development of safe and 
sustainable cities, which is Sustainable Development Goal 11 (SDG 11). Reduced mortality 
rates, and fewer displaced, missing, and affected persons by disasters, are the measured 
indicators of the SDG 11. Each of these directly correlates to the goal of urban resilience, which 
is to build the culture and practice of ensuring that people are out of harm’s way. Because urban 
resilience refers to the adaptive capacity to all hazards, it demands a holistic, future-oriented, 
risk-aware approach that examines all the capabilities of the urban space and the people who 
reside there. It should be noted that this type of approach also refers to the broader concept of 
SDG 13. SDG 13 urges the implementation of initiatives that will combat climate change and its 
impacts. It suggests that climate change preparedness, mitigative and adaptive strategies will 
result in impact reduction.  
 
However, the significant urban resilience challenges lie in the design and development of 
innovative approaches that will decrease disaster susceptibility throughout the urban system. 
The key elements of a resilient urban space have been identified as having the ability to 
recover, being able to adapt, but and most importantly, transform in the face of disaster (Chelleri 
et al. 2015). As a result of the complexities that exist, this has proved to be a critical, yet 
challenging feat for most urban systems. Each factor and complexity of the urban system has 
the potential to be exponentially and negatively exacerbated by population growth and climate 
change. Addressing these existing urban complexities is suggested since policymakers and 
other relevant stakeholders cannot fully predict the frequency, scale, and impact of some 
hazards. For this reason, focus has been placed on relevant stakeholders to, where possible, 
reduce pre-disaster vulnerabilities by identifying causative factors (Shah and Ranghieri 2012). 
The key to identifying these causative factors lies in looking at the history of the development of 
the urban center, as well as disaster history (Gencer 2013 and Hervas and Bobrowsky 2009). 
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To date, few studies have investigated the causative factors that underpin landslides in the 
Caribbean SIDS (Anderson et al. 2011). Over the period 2004 to 2013, only 27 studies have 
analyzed the Caribbean’s susceptibility to landslides, 14 of which were solely undertaken in 
Puerto Rico (Sepúlveda and Petley 2015). Comparatively, during this period, 219 landslide 
studies were completed in South America. According to Sepúlveda and Petley (2015), the main 
reasons for this disparity does not only lie in size and geography of the two locations, but rather 
the limited number of local researchers, and the absence of funding in the Caribbean.  
According to this data, it can then be inferred that there are characteristics of landslides in 
Caribbean SIDS that demand further analysis. This is suggested since the Caribbean SIDS is a 
unique study area that incorporates unique geography, (including the growing complexity of 
rapidly growing urban areas), geology, the continued unpredictability associated with climate 
change, and land scarcity in small island states.  
 
As a result, this research aims to combine quantitative statistical analyses, and geoinformatics 
to determine the causative factors of landslides. This study also aims to use these causative 
factors as a foundation to propose suitable urban resilience mitigation and adaptation strategies 
for a Caribbean SIDS. By proposing suitable urban resilience measures, it is hoped that the 
suggested measures will enhance the urban system’s ability to absorb, adapt, or recover, 
without losing its key functions. The proposed study area for this research is Trinidad, a 
Caribbean SIDS. 
 
Study Area – Trinidad and Tobago  
 
Trinidad has a total land area of 4800 km2. The El Cerro del Aripo mountain, located in the 
Northern Range, is the highest point in Trinidad with an elevation of 940 meters (Agard and 
Gowrie 2003). The Northern Range is one among three mountain ranges located in Trinidad; 
the other two are the Central Range and the Southern Range. The East-West corridor, the most 
densely populated urban area in Trinidad, is nestled between the Northern and Central ranges. 
Although most of the northern and eastern areas of the Northern Range remain forested, 
significant portions of this area have been extensively deforested to make way for urban 
development. Thus, Trinidad is no exception to the previously mentioned settlement patterns of 
the Caribbean. Most urban settlements, which are continuously increasing in size, are either 
nestled on mountains, located on coastlines, or both.  
  
As shown in Figure 1, remotely sensed 2007 data estimates that more than 11.3% of Trinidad’s 
land is densely covered by houses or other buildings. Agricultural land and range land account 
for approximately 21.2% and 5%, respectively. These estimates also indicate that since 1976 
forests have declined with losses of at least 8.4 km2 and barren land has increased by more 
than 5.4 km2. This indicates that there have been considerable losses of natural woodlands and 
vegetation in 31 years (1976 to 2007).  
 
The population of Trinidad is 1.3 million persons. Although the average population growth rate 
per annum continues to decline, the population has been incrementally growing (CSO 2013). In 
1990, the population growth stood at 1.2% per annum but was 0.5% in 2010. It follows that the 
population density has also been steadily increasing. Between 1990 and 2011, there was an 
overall increase from 236.7 km2 to 259.0 km2 (CSO 2013). In 2019, the density increased to 
268.12 km² with an annual growth rate of 0.21% (World Bank Group 2017). In 2010, Trinidad 
and Tobago was ranked as the world’s 153rd most densely populated territory, and by 2018, it 
was ranked 33rd by population density (CSO 2010, CSO 2018). 
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There are two seasons in Trinidad, the dry season and the rainy season. The rainy season 
occurs from June to December and the remaining months are relatively dry. The north-western 
mountainous areas of the islands receive the most rainfall. Precipitation recording stations in the 
northern mountain range in Trinidad indicate 1700 cm of rainfall on average per year (MSTT 
2015). The excess rainfall during the rainy season increases the occurrence of landslides. 
Landslides in the region typically result in erosion and the blockage of roadways, as well as the 
destruction of homes and bridges. Estimates calculated between 1982 and 1986 averaged the 
annual landslide damage cost in Trinidad and Tobago to approximately US $1.5 Million (DeGraff 
et al., 1989). 
 
Beyond the infrastructural costs, landslides in Trinidad and Tobago also result in communities 
being marooned due to impassable roadways. In December of 2011, a 67-year-old man lost his 
life when debris fell on his home, causing it to cave in and trap him. During the same hazard 
event, a 68-year-old woman was also displaced as her home was affected by mud and debris 
(Singh 2013).  
 
One of the aims of the Trinidad National Spatial Development Strategy (2014) was to develop a 
safer nation where attention would be placed on safeguarding persons from hazardous events 
through suitable urban and land use planning as a means of reducing risk in urban and rural 
areas. Policy 20 of the strategy emphasized that decisions should be made based on sound 
information generated from Hazard Risk Assessments. Mapping using geospatial technology 
such as Geographic Information Systems (GIS) has thus become a key component of hazard 
risk assessments and is now being utilized to identify and analyze landslide risk, through the 
production of spatial landslide inventory databases (Ahmed 2015).  
 
METHODOLOGY  
 
The methodology consisted of five main phases. Figure 2 shows the five phases which are, 
creating a landslide inventory map, reviewing literature to determine the landslide causative 
factors, the fit-gap analysis, the Bivariate statistical test, and the establishment of urban 
resilience strategies.  
 
The first phase of the method involved the mapping of landslide events in Trinidad. Due to the 
site-specific nature of landslide events, assessments of these types of events require a spatial 
centered analysis. Consequently, more than 100 landslide events were mapped throughout 
Trinidad. These landslide events occurred between 2000 and 2010 and varied in size and 
location throughout Trinidad. The Global Positioning System (GPS) coordinates of these events 
were collected, sorted, and entered into a GIS landslide inventory database for Trinidad. A 
landslide inventory map was then generated. As shown in Figure 3, this type of map displays 
the spatial location of past landslide events within the study area (Hervas and Bobrowsky 2009).  
 
Phase two of the methodology involved a literature review of existing landslide susceptibility 
research. It provides a comprehensive and all-embracing catalogue of possible landslide 
influencing geographic factors (Chang and Kyong Kim 2004; Wati et al. 2010; Pourghasemi et 
al. 2012, Shahabi and Hashim 2015, Braun et al. 2018).  
 
Data availability, scale, and data completeness, however, prevented the analysis of all 
geographic factors. As a result, phase three consisted of a data gap analysis. The fit-gap 
analysis determines the critical data components required for the analysis and draws attention 
to which data layers are not available for the analysis.  
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Subsequent to determining the data layers, the phase four undertook a bivariate statistical 
analysis, called the Information Value Method (IVM). The IVM analyses the relationship 
between a landslide occurrence and the related landslide susceptibility causative factor. IVM is 
one of the most common procedures for determining landslide susceptibility and hazard 
mapping (Sarkar et al. 2008; Pardeshi et al. 2013). For this bivariate approach, each causative 
factor is compared to the inventory map (Constantin et al. 2011; Yifru 2015).  

 
Figure 1: Showing Land Cover in Trinidad 

 

 
Figure 2: Showing the Five Phases of the Methodology 
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Figure 3: Showing the spatial location of past landslide events in Trinidad 

 
After statistical analysis of the causative factors were undertaken, the weighted values were 
produced. These weighted values were combined with the landslide inventory map to determine 
the main causative factor(s) for the various landslide events.  
 
For phase five, subsequent to the derivation of the most significant and critical causative factors 
of disasters, suitable urban resilience methods were generated to address areas of vulnerability 
and reduce risk.  
 
Results  
 
After the creation of the landslide events, the literature review (phase two of the proposed 
methodology) was undertaken. The literature review indicated sixteen (16) main landslide 
causative factors  which were: Historical Landslide Data, Movement Velocity and Depth, Deposit 
Thickness, Intensity, Depth of Erosion, Forest Types, Forest Density, Slope Angles, Slope 
Lengths, Effective Soil Cohesion, Effective Soil Depth, Proximity to Tectonic Features, 
Lithological Formation, Proximity to Road Network, Proximity to Drainage Network, and Land 
Cover (Chang and Kyong Kim 2004; Wati et al. 2010; Pourghasemi et al. 2012, Shahabi and 
Hashim 2015, Braun et al. 2018).   
 
Phase three of the proposed methodology, the fit-gap analysis, revealed that the Movement 
Velocity and Depth, Deposit Thickness, Intensity, Depth of Erosion, Effective Soil Cohesion, and 
Effective Soil Depth causative factors were not available for this landslide causative research. 
As a result, the data revealed the relevance, completeness, and availability of seven causative 
factors. Therefore, this landslide causative research will focus on Historical Landslide Data, 
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Proximity to Tectonic Features, Proximity to Drainage, Land Cover, Lithological Formation 
(lithology type by area), Rainfall (mm), Proximity to Road Network and Slope (%) (Pourghasemi 
et al. 2012, Pardeshi et al 2013). The complete results from this study’s fit-gap analysis are 
presented in Table 1.  

 
Table 1: Results from the Landslide Causative Factors Fit Gap Analysis.  
Causative Factor Available  Appropriate  

Scale 

Complete  

Historical Landslide Data Yes Yes Yes 

Movement Velocity and 
Depth 

No No No 

Deposit Thickness No No No 

Historical Landslide Data Yes Yes No 

Intensity  No No No 

Depth of Erosion  No No No 

Forest Types No No No 

Forest Density No No No 

Slope Angles Yes Yes Yes 

Slope Lengths No No No 

Effective Soil Cohesion No No No 

Effective Soil Depth No No No 

Proximity to Tectonic 
Features 

Yes Yes Yes 

Lithological Formation Yes Yes Yes 

Proximity to Road Network Yes Yes Yes 

Proximity to Drainage 
Network 

Yes Yes Yes 

Land Cover Yes Yes Yes 

Rainfall Yes Yes Yes 

 
Having established the landslide causative factors, phase four involved the implementation of 
the IVM. The statistical calculation, Ii, measures the influence of landslide causative factors 
governing landslide susceptibility in the respective study area. The information value equation 
reads:  
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Where N = total number of grid cells 
S = number of grid cells with landslide 
Si = Number of grid cells with the parameter i and containing landslide 
Ni = number of grid cells with the parameter i 
 
Thus, for this landslide causative research, N represents the total area of Trinidad in GIS GRID 
cells format, and S represents the landslide events in GIS format. Regarding the landslide 
causative factors, referred to as “parameters” in the IVM equation, Si represents the landslide 
causative factor categories with landslide events. And, finally, Ni equates to the total number of 
GRID cells within each landslide causative factor. The results for the IVM calculations are 
provided in Table 2. 
 

Table 2: Information Values for Landslide Factor Categories 

Landslide 
Causative   
Parameter Category  

Information 
Value 

 

Proximity to 
Tectonic 
Features  
(m) 0 – 100  0.00291 

 

 

100 – 200  0.182892 

200 – 400 -0.05173 

400 – 600 -0.11385 

 >600 -0.0008 
 Proximity to 
Drainage 
Network  
(m) 0 – 100  0.30863 

 

 

100 – 200  0.164607 

200 – 400 0.146944 

400 – 700 -0.4086 

>700 -0.17064 
Land Cover 
  Barren  0 

 

 

Urban  0.728892 

Rangeland 0.096373 

Agriculture -0.12466 

Forest  -0.444 
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Lithology  
(lithology type by 
area) Toco  -0.19148 

 

 

Moruga  0.402923 

Cedros   -0.10852 

Alluvium  -0.42828 

Sans Souci -0.5862 
  
Rainfall (mm) 
   190 – 232  0.162576 

 

 

148 – 190  0.036398 

 106 – 148  0.507756 
  
Proximity to 
Road Network 
(mm) 0 – 100  0.561369 

 

 

100 – 200 -0.02994 

200 – 400 -0.50744 

400 – 600 -0.79445 

>600  -1.28078 
Slope (%) 
  
 48 – 87 -0.29769 

 

 

27 – 48 0.82000 

15 – 27 0.075307 

05 – 15.0 0.075307 

0 – 5 0.315246 
 
The calculated information values varied from -1.281 to 0.729 for the 47735261 GIS GRID cells 
in the study area. The seven highest values, in order of priority, were Slope (0.820), Urban Land 
Cover (0.729), Proximity to the Road Network (0.561), Rainfall (0.508), Lithology (0.4029) there 
is a (0.429) there, Proximity to the Drainage Network (0.309), and Proximity to Tectonic 
Features (0.183). Based on the distribution of information values, it can be inferred that Slope, 
Urban Land Cover, and Proximity to Road Networks significantly and critically contribute to 
landslide susceptibility in Trinidad. Thus, two of the three most critical landslide triggers are 
human-made. 
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Discussion  
 
In order to combat landslides, an increase in urban resilience can be undertaken via a 
combination of grey and green infrastructure, along with stakeholder involvement and policy-
based initiatives. Structural mitigation and adaptation methods can be divided into the broad 
groups of: modification of slope geometry, alteration to drainage, and implementation of 
retaining structures, internal slope reinforcement, and biotechnical slope stabilization/soil 
bioengineering. Biotechnical slope stabilization/soil bioengineering is typically considered to be 
the most cost-effective and sustainable of all the measures mentioned above (Popescu and 
Sasahara 2009).  
 
 
Biotechnical slope stabilization/soil bioengineering measures have been utilized in an array of 
scales throughout the world (Goldsmith et al 2013). For more than 30 years, Nepal has 
successfully used soil bioengineering techniques such as brush layering, and vegetative stone 
pitching to negate the effects of landslides along steep slopes and stream banks (Dhital et al. 
2012). Similarly, bamboo is popularly used as a soil and water bioengineering approach in 
Kusunti, Kathmandu. For this case study in Kathmandu, bamboo was used in the 
implementation of a crib wall to prevent landslips (Tardio et al. 2018). In both of these case 
studies, the bioengineering approach provided the following benefits: cost-effectiveness, 
increased soil cohesion, and better interception during rainfall, thereby mitigating landslide 
hazards.  
 
Biotechnical slope stabilization and soil bioengineering are structural mitigative measures, which 
involve the use of vegetation along with structural engineering techniques, as a means of 
reducing the occurrence and extent of landslides (Singh 2010). Some examples of these include 
modification of slope geometry through the use of contours and terraces, which aid in reducing 
the slope gradient, and in reducing runoff and trapping material (Singh 2010). In tandem with 
these contours, wattles also known as fascines, can be implemented. There are two types, 
willow wattles, and straw wattles. Willow wattles involve staking bundles of living branches in 
trenches, which reduces runoff, reduces erosion, and traps sediment while providing a surface 
for plant growth as the branches begin to grow (British Columbia Ministry of Agriculture, Food 
and Fisheries 2005). Straw wattles, shown in Figure 4, are compressed cylinders of straw that 
are embedded along contour lines on burnt slopes. The spacing and number of straw wattles 
will vary according to the extent to which the slope has been burnt (USDA n.d.). Straw wattles 
can be implemented in Trinidad, especially in the Northern Range after forest fires. 
 

 
Figure 4: Straw wattles that are embedded along contour lines on burnt slopes 

Source: https://afterwildfirenm.org/post-fire-treatments/treatment-descriptions/report_print_section 
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Another method of landslide reduction is via the use of reforestation/vegetative turfing/grass 
seeding, which involves the planting of vegetation, particularly those with deep and extensive 
root systems, due to the ability of the roots to bind the soil together (Singh 2010). This is 
especially critical in the case of road cut stabilization. Citrus trees and vetiver grass, shown in 
Figure 5, are just some examples of vegetation that could be utilized (Xu et al. 2018).Vegetation 
as a means of soil stabilization has been successfully implemented to mitigate landslides in 
Switzerland and Hong Kong (Burr et al. 2009; Xu 2018).  
 

 
Figure 5: Vetiver grass used to bind the soil together on a steep slope 

 
Mulching is another biotechnical method that involves the spreading of material across a slope 
which is useful for gentle slopes of less than 45 degrees (Fay et al. 2012). Live crib walls are 
another biotechnical stabilization method that can be utilized on steep slopes and near 
roadways where space is limited. These walls possess an interlocking arrangement of logs that 
aids in stabilizing the base of slopes while providing a suitable environment for the growth of 
vegetation (Fay et al. 2012). Crib walls have been implemented in Rio Blanco in Nicaragua 
(Petrone and Preti 2010) and in the Middle Mountains of Nepal (Lammeranner et al. 2005).  
 
Mechanical retaining structures tend to be more costly than biotechnical stabilization methods; 
however, some useful examples include the use of gabion baskets, concrete retaining walls, 
and tire retaining walls. Gabion walls are box-shaped wire mesh containers in which rocks are 
placed; these aid in drainage and provide mechanical resistance to slope movement (Highland 
et al. 2008). Concrete retaining walls, although typically a more costly measure, prevent the 
movement of loose material and stabilize the base of the slope (DSCWM 2016). Tire retaining 
walls, as shown in Figure 6, are a more cost-effective type of retaining wall that allows for the 
recycling of tires, which can be embedded in the base of the slope to stabilize it (Fay et al. 
2012).  
 
These types of mitigative and adaptive urban resilient strategies can be implemented as 
community-based initiatives. This however, is dependent on a decentralized approach to 
governance, devolution of authority for infrastructural works of this type, and budgets. Members 
of the community can not only implement these bioengineering strategies, but they can also be 
sustained and maintained by the communities in the absence of government allocated 
subvention budgets.  
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Figure 6: Tire walls are a more cost-effective type of retaining wall 

Source: https://www.123rf.com/photo_59662018_erosion-and-landslide-control-with-the-use-of-tires-on-
sand-and-clay-slopes.html 

 
Non-structural mitigation/adaptation methods can also be used to completely prevent landslides, 
prevent further expansion of landslips, and implement overall management. Some of these non-
structural methods include but are not limited to: educational awareness, stakeholder 
involvement, early warning systems, insurance, restricting construction activities, and relocation 
(Lacasse and Choi 2011). In Trinidad, there are provisions made for the use of non-structural 
urban resilience measures; however regularization and enforcement issues typically impede 
implementation and usefulness. According to the 1988 Northern Range Hillside Policy, the 
construction of homes is prohibited above 300 ft. contour lines, 300 ft. to 700 ft. with land 
classifications I-V is dedicated to agricultural activities, and elevations from 700 ft. to 705 ft. 
must remain under forest cover. Under this policy, unauthorised developments will be 
evaluated, which will determine whether they will be regularised or relocated. The Town and 
Country Planning (Miscellaneous License) Act 1982 also stipulates that permission must be 
granted by the Town and Country Planning Division before any form of development is 
undertaken in Trinidad.  
 
The National Spatial Development Strategy of Trinidad and Tobago also proposed guidelines in 
their policies, particularly Policy 3 and 20 to reduce urban sprawl and hazard risk. Some of 
these include the delineation of appropriate settlement boundaries, prohibition of urban 
development in areas of high risk, and also ensuring that provisions are made to reduce 
erosion, reduce topsoil removal, and minimize storm water runoff. This spatial development plan 
places emphasis on informed sustainable urban planning and design.   
 
When choosing suitable urban resilience measures, it should be noted that each strategy should 
be appropriately adapted for the respective study area, since site conditions vary from location 
to location (Fay et al. 2012). For this reason, gaining an understanding of the underlying 
causative factors, type, and extent of landslide is crucial for the implementation of suitable 
structural and non-structural responses.  
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CONCLUSION  
This study set out to combine quantitative statistical analyses, geoinformatics, and the principles 
of urban resilience in order to determine the causative factors of landslides in a Caribbean 
SIDS. Moreover, it sought to use these causative factors to propose suitable urban resilience 
mitigation and adaptation strategies. Through the Information Value Model and other 
geoinformatics techniques, the three most significant contributing factors to landslides in 
Trinidad are: the steepness of slopes, urban land cover, and the proximity to road networks.  

After determining the most significant contributing factors to landslides, this paper detailed 
multiple structural mitigation and adaptation methods. These include but were not limited to: soil 
bioengineering techniques such as straw wattles, which reduce runoff and erosion; live crib 
walls where the interlocking arrangement stabilizes slopes; and tire walls, which are a type of 
cost-effective retaining wall. Each of these soil bioengineering techniques can be community-led 
initiatives that should be initiated, sustained, and maintained by the communities in the absence 
of government allocated subvention budgets. 

It should be noted that the most crucial mitigation/adaptation methods identified were non-
structural. They include the enforcement and implementation of existing legislation acts and 
policies to curb urban sprawl in hazardous areas. As a result of the findings of this research, it is 
hoped that urban resilience adaptations and mitigation initiatives, which will improve Trinidad’s 
resilience to landslides, and by extension, climate change, will be adopted.   
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