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Chapter 1

Land Use Change Affects Soil 
Organic Carbon: An Indicator of 
Soil Health
Lucy W. Ngatia, Daniel Moriasi, Johnny M. Grace III, 
Riqiang Fu, Cassel S. Gardner and Robert W. Taylor

Abstract

Soil organic carbon (SOC) is a major indicator of soil health. Globally, soil 
contains approximately 2344 Gt of organic carbon (OC), which is the largest ter-
restrial pool of OC. Through plant growth, soil health is connected with the health 
of humans, animals, and ecosystems. Provides ecosystem services which include 
climate regulation, water supplies and regulation, nutrient cycling, erosion protection 
and enhancement of biodiversity. Global increase in land use change from natural 
vegetation to agricultural land has been documented as a result of intensification of 
agricultural practices in response to an increasing human population. Consequently, 
these changes have resulted in depletion of SOC stock, thereby negatively affecting 
agricultural productivity and provision of ecosystem services. This necessitates the 
need to consider technological options that promote retention of SOC stocks. Options 
to enhance SOC include; no-tillage/conservation agriculture, irrigation, increasing 
below-ground inputs, organic amendments, and integrated, and diverse cropping/
farming systems. In addition, land use conversion from cropland to its natural vegeta-
tion improves soil C stocks, highlighting the importance of increasing agricultural 
production per unit land instead of expanding agricultural land to natural areas.

Keywords: agriculture, land use change, organic carbon, soil health

1. Introduction

The basis and essence of life on earth depends on soil health, and its main 
indicator is soil organic carbon (SOC) content [1, 2]. Soil health has been defined 
as the capacity of a soil to support ecosystem functions and sustain environmental 
quality and biological productivity, while promoting plant and animal health [3]. 
Through plant growth, soil health is connected with the health of humans, animals, 
and ecosystems within its domain [4]. The SOC is an indicator of soil health and is 
an important component of the soil ecosystem [5, 6]. Deb et al. [7] indicate that the 
presence of organic carbon (OC) in soil is a key determinant for soil quality and pro-
ductivity. In addition, organic matter is a key influencer on physical, chemical, and 
biological soil attributes [8]. The SOC stock exhibit the long-term balance between 
additions of OC from different sources and its losses through different pathways [9].

The term SOC is defined as C in soil derived from organic origins and soil 
organic matter (SOM) is generally considered to contain approximately 58% SOC. 
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Soil organic matter is a mixture of materials including particulate organics, humus, 
fine plant roots, living microbial biomass as well as charcoal [10]. Two words have 
commonly been used in reference to SOC; C sequestration and C storage. Carbon 
sequestration is the process of transferring carbon dioxide (CO2) from the atmo-
sphere into the soil which can be achieved through plants, plant residues and other 
organic amendments which are retained in the soil as part of SOM [10, 11]. Carbon 
sequestration in soil can range from short-term to long-term [12]. However, carbon 
storage in soil is defined as increase in SOC stocks over time, but it is not necessar-
ily associated with a net removal of CO2 from the atmosphere [12]. Soil storage of 
OC for longer time periods is preferable in terms of greenhouse gases mitigation, 
however, mineralization of SOC is important in terms of soil fertility [12, 13]. Soil 
health reflects the capacity of a soil to support both the agricultural production and 
provision of other ecosystem services [14]. Therefore, evaluation of soil health is 
essential because soil is a critically important component of the earth’s biosphere 
whose, functionality is critical in the production of food and fiber as well as mainte-
nance of environmental quality [15, 16].

In the soil profile, approximately 615 Gt of OC is stored in the top 20 cm, 1500 
Gt of OC stored in the first meter, and 2344 Gt of OC is stored in the top three 
meters of soil [17, 18]. However, approximately 9 Gt C is anthropogenically released 
to the atmosphere annually from fossil fuel sources and ecosystem degradation 
[10]. Previous studies have illustrated that conversion of forest or natural vegeta-
tion to agriculture leads to an overall loss of SOC [5, 6, 19]. Through soil supply of 
plant macro and micronutrients, soil health, mediated by SOC dynamics is a major 
determinant of global food and nutritional security [4]. The projected increase of 
human population by 2050 will double food demand and put immense pressure on 
natural resources [20]. Therefore, one of the greatest challenges will be to increase 
food production by maintaining ecosystem services [21].

2. Importance of soil organic carbon

Soil organic C provides ecosystem services that are essential to human well-
being for example climate regulation, water supplies and regulation, nutrient 
cycling, erosion protection and enhancement of biodiversity [2, 22–24]. In 
addition, SOC exerts an influence on many soil properties, for example water 
holding capacity, aggregate stability, total nitrogen, pH and cation exchange 
capacity [5, 6]. Increasing SOC can mitigate GHG emissions, benefit agricultural 
productivity through improvements in soil health, and improve environmental 
quality [25].

Under long-term management practices SOC pools influence soil quality, C 
sequestration pathways, and crop productivity [9]. It has been demonstrated that 
high SOC levels can enhance soil fertility and health, improve water infiltration, 
improve soil structure, enhance moisture retention and increased crop yield [26, 27]. 
A positive relationship has been reported between SOC content and soil nutrient 
status and crop yield [28, 29]. Since SOC content influences almost all soil functions 
and it is easily measurable, it can be a suitable indicator of the soil capacity to supply 
ecosystem services [22, 23].

3. Effects of climatic conditions on soil organic carbon

Generally, SOC stocks increase with decreasing mean annual temperature [30], 
whereby, cold, humid climatic regions exhibit C rich soils [31]. Decomposition 
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releases to the atmosphere most of the C added to the soil through litter deposition, 
only a limited fraction becomes humus [10]. Both moisture and temperature influ-
ence the rate of litter decomposition through their effects on microbial activity [32]. 
In addition, both moisture and temperature also exhibit strong control of humus 
decomposition [10].

4. Land use change affect soil organic carbon and ecosystem services

Globally, there has been increased land use change from natural vegetation to 
agricultural land and urban areas as well as intensification of agricultural practices 
[33, 34]. These changes results in large increases in energy, water, and fertilizer con-
sumption, as well as considerable losses of biodiversity [33]. The growing human 
population has driven both the land use change and land use intensification in order 
to meet global demand for food, water and energy [35]. However, conversion of 
forest or natural vegetation to agriculture leads to an overall loss of SOC [2, 5, 6, 19] 
(Figure 1), resulting in efforts to restore SOC in agricultural soils [36, 37]. Once 
soil is cultivated for agricultural production, SOM is rapidly decomposed as a result 
of modifications in conditions such as aeration, water content and temperature 
[38]. Land use change could affect soil functions that directly or indirectly relate to 
SOM, as a result of its capacity to retain water and nutrients as well as provide other 
ecosystem services [39, 40]. For example, changes in the SOC stock could result in 
significant impacts on the atmospheric C concentration [10]. Carbon dioxide is the 
main greenhouse gas responsible for global warming [41]. Soil organic C balances 

Figure 1. 
Averages concentrations of soil organic carbon in semiarid Chaco and Pampa’s sub-regions. Full line indicates 
critical thresholds proposed for temperate regions, and dashed line is for topical regions. Modified from [2].
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are associated with CO2 sequestration [36]. As a result, SOC stock is considered an 
intermediate ecosystem service that contributes to climate regulation [10].

Agricultural production can be increased by increasing cropland area or 
increasing productivity per unit area. When agricultural production increases as a 
result of land use change from natural cover areas to crop production agriculture, 
overall SOC mediated ecosystem services supply decreases [2] (Figure 2A). It was 
indicated that land use change from native forest to pasture (+8%), crop to pasture 
(+19%), crop to plantation (+18%), and crop to secondary forest (+53%) increased 
total C stocks, as well as SOC mediated ecosystem services (Figure 2B and C) 
whereas changes from pasture to plantation (−10%), native forest to plantation 
(−13%), native forest to crop (−42%), and pasture to crop (−59%) reduced 
total C stocks [17]. Generally, land use change from all other uses to cropping or 
monocultures result in losses of SOC [10]. In addition, Montgomery [42] indicated 
that accelerated soil erosion associated with conventional agriculture could occur 
at rates up to 100 times greater than the rate at which natural soil formation takes 
place. Additionally, peatlands have been drained for agricultural purposes [43]. 
Peatland store much more organic C in form of different C functional groups 
compared to upland. For example; in Apalachicola National Forest, the wetlands 
dominated by cypress (Figure 3A) and spikerush and water lily (Figure 3B) con-
tain more alkyl, methoxyl, O-alkyl, aromatic, phenolic and carboxyl C compared 
to upland (Figure 3C). However, globally, peatland drainage causes carbon-rich 
peat to disappear at a rate 20 times greater than the rate at which the peat accu-
mulated [44]. As a result, SOC affect both climate change and crop production in 
agricultural soils [9].

Soil management practices that sustain and enhance carbon stocks are crucial 
if we are to overcome near-term challenges and conserve this valuable resource for 
future generations. As a result of soil C loss during the past 25 years, one-quarter of 
the global land area has suffered a decline in productivity and the ability to provide 

Figure 2. 
Relations between ecosystem services mediated by SOC versus (A), agricultural production (B), natural cover 
(C), SOC and (D), relationship between agricultural production and natural cover. Modified from [2].
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ecosystem services [39]. However, it has been observed that land use change from 
cropland to pasture or cropland to permanent forest results in the greatest gains of 
SOC [10] (Table 1). For example, Conant et al. [45] indicated that land use conver-
sion from cropland to grassland improve soil carbon stocks. However, over time 
grassland area has been shrinking and arable land area expanding, indicating con-
tinued conversion of grassland to croplands [46]. In some cases where natural land 
cover has increased in expense of agricultural land cover, agricultural production 

Figure 3. 
Quantification of carbon functional groups in Apalachicola National Forest; which includes (A) cypress 
wetlands, (B) spikerush+water lily wetlands and (C) upland. 

Soil carbon change (%)

Treatment Initial Final Change (%)

Conversion: Cultivation to grass 0.97 1.35 39.2

Conversion: native to grass 2.97 2.55 −14

Fertilization 3.44 3.85 11.8

Grazing 2.62 2.89 9.99

Reclamation 8 15.9 98.8

Table 1. 
Changes in soil carbon concentration presented by type of management change implemented. Modified  
from [45].
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has been reported to decrease (Figure 2D). With increasing human population, this 
trend highlights the importance of increasing agricultural production by increasing 
crop yields per unit land area rather than expanding cropland and/or pasture over 
natural areas [2].

5. Increasing organic carbon stocks in agricultural soils

Agricultural systems are dependent on maintenance of four major functions; 
nutrients cycling, carbon transformations, soil structure maintenance, and regu-
lation of pests and diseases [14]. Increasing SOM in agricultural soils contribute 
to food security and adaptation to climate change as well as mitigation of climate 
change [12]. SOM has a major role in soil fertility and water retention [47]. 
Therefore, SOM indirectly contributes to agricultural productivity and conse-
quently to food security [12]. Management practices can influence SOC stocks 
by either decreasing SOC losses or increasing C inputs to soils. When OC input 
to a soil is larger than the OC outputs by mineralization or erosion, the SOC 
increases [12]. Below are technological options to manage SOC in agricultural 
ecosystem.

5.1 No-tillage and conservation agriculture

Soil organic matter is considered an important indicator of soil quality and 
health, which can be impacted by crop production practices such as tillage [48]. 
Tillage has the potential to increase the rate of C mineralization through breaking 
larger macro aggregates, mixing crop residues and exposing protected SOC in the 
aggregates to soil microorganisms [5, 6, 49, 50]. In general, tillage is considered 
to increase SOC mineralization as a result of mechanical and rain induced disrup-
tion of soil aggregates and the consequent release of CO2. Hence, conservation 
tillage/no-tillage has been considered as a suitable practice to maintain or increase 
SOC stocks compared to conventional tillage [12, 51, 52]. Conservation tillage 
practices such as no till can enhance assimilation of SOC by decreasing soil dis-
turbance and increasing crop residue accumulation in comparison to conventional 
tillage [12, 25, 48, 53]. For example; Blanco-Canqui and Lal [54] indicated an 
increase in SOC with increasing crop residue retention, whereby 16.0 t C ha−1 of 
SOC was reported without straw additions, 25.3 t SOC ha−1 with 8 t ha−1 of straw 
added and 104.9 t C ha−1 with 16 t ha−1 of straw added.

Global meta-analyses and reviews have recently confirmed that SOC stock 
increases in the upper soil layers (0–15 or 0–20 cm) under no tillage, but generally has 
low to non-significant effects on SOC stocks over 30 cm depth or deeper [51, 55–58] 
(Figure 4). In addition to carbon sequestration, conservation tillage can reduce CO2 
emissions [60]. Accumulation of SOC exhibit a positive correlation with the seques-
tration of atmospheric CO2, while oxidation of SOC, as a result of practices such as 
tillage, can contribute to CO2 emission from agricultural fields [48]. For example, 
CO2 emission in conventional tillage was 29% greater than in no till in a loamy soil as 
reported by Bista et al. [61].

5.2 Irrigation

Irrigation may have similar effects on SOC decomposition in varying scenarios, 
but, its effects on primary production are likely to be much higher in arid and 
semi-arid areas compared to humid regions with dry summers [62]. It is reported 
that irrigation exhibited strong positive effects on SOC stocks in desert soils, 
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positive effects in semi-arid areas, but no consistent trend was observed in humid 
areas [12, 62]. Further, it is emphasized that SOC stocks are dependent on climate 
and initial SOC content [62].

5.3 Increasing below-ground inputs

Below ground OC inputs, which includes roots and associated inputs, con-
tribute more to SOC compared with above ground inputs [59, 63, 64] (Figure 5). 
For example, Kätterer et al., [63] reported long-term experimental results which 
indicated that root derived C was 2.3 times higher than that derived from above 
ground plant residue. Rasse et al. [64] estimated that mean residence time in soils 
of root derived C is 2.4 times compared with that of shoot derived C, indicating that 
root C has a longer residence time in soil compared to the shoot C.

Figure 4. 
Soil carbon content with depth. Shaded areas represent standard error of the mean. Data from long-term field 
experiment in Ultuna. Modified from [59].

Figure 5. 
Mean annual carbon inputs through above-ground crop residues, roots including rhizodeposition to equivalent 
topsoil depth (1957–2008), and organic amendments (1956–2008). Modified from [63].
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5.4 Organic amendments

Organic amendment inputs can promote a buildup of SOM and hence SOC [65] 
(Figure 6). Menichetti et al. [59] reported that application of organic amendments 
affected SOC in the topsoil resulting in fourfold increases in C stock. Organic 
residues and wastes can be applied to soil, as fresh organic matter, after composting, 
methanisation, or pyrolysis [12]. However, the effects of residue quality on long 
term SOC is still a matter of debate [12]. Previous studies have indicated that the 
most labile and easily degradable compounds contribute more to SOM in the long 
term than recalcitrant materials such as lignin, this is especially common in clayey 
soil [66]. There are three explanations to this finding, which include: 1) long lasting 
SOM are mainly derived from microbial materials [67, 68]; 2) substrates that are 
easily degradable are processed with a high microbial C use efficiency [69], and 3) 
soluble compounds could be protected between mineral surfaces [12].

5.5 Integrated, and diverse cropping/farming systems

Compared with monoculture, introduction of crop diversity increases SOC which 
improves soil health [70]. Whereby, a combination of diversification within a crop-
ping system and no-till soil management can help to improve SOC [71]. Increased 
plant diversity can enhance positive soil feedbacks on residue decomposition and soil 
SOM stabilization and may contribute to C accumulation in soils with rotated crops 
[72]. Further, Maiga et al. [71] demonstrated that use of diverse 4-year crop rotations 
for longer duration (>24 years) enhanced SOC, overall C and nitrogen fractions, and 
soil aggregation in comparison with those under 2-year corn–soybean rotations.

6. Conclusion

Soil organic C is an important indicator of soil health. Soil health is a major compo-
nent of one health, which encompasses human, animal, and environmental health [73]. 

Figure 6. 
Topsoil carbon concentrations over time in the Ultuna long-term soil organic matter experiment. Modified 
from [63].
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Soil organic C promotes land productivity and provides ecosystem services. Since 
SOC content influences almost all soil functions and is easily measurable, it can be a 
suitable indicator of the soil capacity to supply ecosystem services. This hypothesis 
reinforces the suitability of SOC as an appropriate indicator for soil management 
decisions, land use planning, and regulation. However, the rapidly increasing global 
human population is exerting enormous pressure on natural resources, as a result 
of the need to provide food and fiber to supply demands from this growing popula-
tion. Consequently, there has been conversion of natural land areas to agricultural 
land globally in pursuit of meeting the human demand for food and fiber. This land 
use change has resulted in losses of SOC, which negatively affects productivity and 
diminish ecosystem services. Previous work has demonstrated that conversion of agri-
cultural land to its natural cover provides positive feedback in terms of increasing soil 
C stocks. This finding highlights the importance of increasing agricultural production 
by increasing crop yields per unit area rather than expanding cropland and/or pasture 
to natural areas for long-term sustainability. In addition, there is need to invest in 
technological options that enhance SOC stocks in agricultural land. These options 
include no-tillage/conservation agriculture, irrigation, increasing below-ground 
inputs, organic amendments and integrated, diverse cropping/farming systems.
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Chapter 2

Evaluating the Clinical and Cost 
Effectiveness of Musculoskeletal 
Digital Health Solutions
Glen Cheng, Nischal Chennuru and Liz Kwo

Abstract

This chapter will introduce the clinician to the quickly expanding field of 
musculoskeletal-focused digital apps (MDA), with an eye towards helping the clini-
cian select and recommend MDAs for optimal patient care. MDAs are increasingly 
being used for physical therapy and rehabilitation, telehealth, pain management, 
behavioral health, and remote patient monitoring. The COVID-19 pandemic has 
vastly accelerated the adoption of telehealth and digital health apps by patients and 
clinicians, and the digital health field will only continue to expand as developers 
increasingly harness artificial intelligence (AI) and machine learning (ML) capa-
bilities, coupled with precision medicine capabilities that integrate personal health 
data tracking and genomics insights. Here we begin with an overview of several 
types of MDA, before discussing the epidemiology of musculoskeletal conditions 
and injuries, clinical considerations in selecting a digital health solution, payor 
reimbursement for digital apps, and regulatory oversight of digital health apps.

Keywords: digital health, telemedicine, physical therapy, musculoskeletal,  
artificial intelligence

1. Introduction

Digital health is a rapidly growing field. As of early 2019, there were over 318,000 
mobile health applications in different app stores--and that number itself doubled 
since 2015 as consumers increasingly used mobile apps to manage their health [1]. 
Popular mobile health apps include AI-powered health symptom checkers, clinical 
records management apps, remote patient monitoring tools, patient self-monitoring 
tools, rehabilitation programs, and apps for medical condition education and man-
agement. In fact, healthcare applications constitute the most popular smartphone 
activity. Currently, 90% of physicians use smartphone applications for medical 
records, communication with their teams and for clinical content like UptoDate [2]. 
Over 75% of the largest health systems now offer mobile applications focused on 
patient engagement [3]. The global mobile health market is growing and is expected 
to reach $111 billion by 2025 with fitness constituting $50B in the US health market. 
The current COVID-19 Pandemic will accelerate the adoption and will further 
increase the adoption and growth [4].

An American Medical Association survey found that physicians’ use of technol-
ogy to provide televisits or virtual visits doubled from 2016 to February 2020, with 
nearly 30% of doctors adopting digital health technology [5]. And since the start of 
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the COVID-19 pandemic, physician use of telemedicine has increased exponentially 
as digital technologies have become increasingly adopted by both physicians and con-
sumers. Physical therapist and physiotherapist adoption of musculoskeletal-focused 
digital apps (MDA) has likewise expanded exponentially [6]. Consumer adoption of 
telehealth increased from 11% of care visits in 2019 to 46% in May 2020, as provid-
ers scaled the offerings and are seeing 50 to 175 times the number of patients via 
telehealth compared to before. In 2019, the annual revenue of US telehealth vendors 
was $3 Billion with a big focus on the virtual urgent care segment. With new Centers 
for Medicare and Medicaid Services (CMS) policies being implemented during the 
crisis to expand the use of virtual care, up to $250 Billion of current US healthcare 
spend could potentially be virtualized [7]. Primary care and behavioral health have 
led in the number of virtual visits. The services/clinical models that have the greatest 
potential for virtual care include on demand virtual urgent care, office visits, home 
health services and home medication administration services [8].

In particular, the number of mobile medical apps for musculoskeletal condi-
tions and injury management is increasing exponentially as organizational health 
and wellness initiatives increasingly focus on pain management and holistic care. 
Table 1 provides an overview of features present in several MDAs on the market 
as of August 2020. The general purpose of these different musculoskeletal apps 
is to provide therapy on a large sale for patients with musculoskeletal disorders. 
The MDAs surveyed in this table have physical or mental exercise programs, and 
some have behavioral interventions such as mindfulness practice. Most apps also 
have learning modules to teach organizations and individuals how to stay safe and 
protect themselves from further issues.

The MDAs surveyed differ in their targeted goals and their approach to achieving 
their goals. For example, Kaia Health concentrates on using multiple approaches to 
minimize pain, whereas Movement RX focuses on strengthening the mind-body 
connection to reduce pain. Wellness Coaches places emphasis on a very personalized 
and face to face therapy program. And while many apps do not have physical hard-
ware, SimpleTherapy and Hinge Health use sensors that can be placed over joints to 
track progress and pain.

Moreover, most of the surveyed MDAs can be effectively used to improve 
population health, injury prevention and rehabilitation in large organizations and 
companies. The MDAs focus on individual health and progress, while also address-
ing how to prevent organizational ergonomic issues and manage musculoskeletal 
injury recovery.

2. Epidemiology of Musculoskeletal Conditions and Injuries

Musculoskeletal conditions continue to increase in incidence and prevalence, 
especially as the geriatric population grows, and organizations continue to have 
unremedied ergonomics issues. Musculoskeletal disorders are highly prevalent, 
yet frequently mismanaged and costly. Musculoskeletal injuries are also a top cost 
driver for employers, as no other chronic health condition causes more lost work-
days and more healthcare spend than musculoskeletal injuries [10]. Musculoskeletal 
lower back injury is the leading cause of disability both globally and in the U.S., and 
the number one reason for missing work [11]. In the U.S. alone, musculoskeletal 
lower back injuries result in more than 260 million lost workdays each year as well 
as significant healthcare and disability insurance costs [12]. 1 in 2 adults in the 
U.S. were diagnosed with musculoskeletal conditions in 2012. Despite the high 
prevalence of musculoskeletal conditions, 80% of patients do not receive evidence-
based care [13]. As detailed below, musculoskeletal pain continues to be frequently 
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mismanaged with opioid analgesics, and unnecessary surgery is frequently 
performed when physical therapy and rehabilitation would be more appropriate. 
Medical costs for imaging, diagnosis and treatment of musculoskeletal injuries and 
conditions continue to rise [14].

Musculoskeletal joint pain has significant impact on patient function and future 
health. Joint pain reduces physical activity, increases opioid use, impacts produc-
tivity, and leads to obesity [15]. Obesity in turn increases the risk for diabetes, 
heart disease, depression, and cancer [16].

Yet Musculoskeletal pain is frequently mismanaged with opioid analgesics. Even 
as warnings of an opioid crisis in the US have increased provider and patient aware-
ness of the dangers of opioid analgesics, opioids remain a commonly prescribed 
treatment for lower back musculoskeletal pain. The dangers of opioid analgesics are 
well known and include dependence, dangerous side effects including respiratory 
depression, fatality from drug overdose, and high incidence of concomitant illicit 
drug use [17]. Moreover, when used to treat new diagnoses of lower back pain, 
opioid analgesics result in longer recovery times, increased serious adverse events, 
and greater healthcare utilization (emergency room visits and hospitalizations) 
compared to non-opioid analgesics [18].

Likewise, patients frequently receive inappropriate surgery for musculoskeletal 
conditions. Studies have shown that approximately 66% of surgeries are avoidable 
[19]. Inappropriate surgery for musculoskeletal conditions comes with significant 
recovery times, lengthening the treatment period, increasing cost of care, and 
yielding poorer pain and functional outcomes relative to conservative management 
and physical therapy [20].

Musculoskeletal issues will continue to rise, especially as the geriatric population 
grows, ergonomic work situations are not well controlled in factories and ware-
houses, and medical costs for imaging, diagnosis and treatment continue to rise. 
Studies predict that by 2030, there will be a 500% increase in total knee replace-
ments [21], and a 200% increase in total hip replacements in 45- to 64-year-olds 
[22]. Likewise, studies project a 28% increase in spine surgeries by 2024 [23].

3. Critically Assessing Musculoskeletal Digital Apps

With increasing adoption of telehealth and digital solutions comes increasing 
demands on clinicians to recommend and use MDAs appropriately, while avoiding 
dangers and pitfalls. Here, we detail methods to assess the clinical effectiveness, the 
functionality, and the reliability of digital health solutions.

The landscape of digital health solutions on the Internet and app stores has been 
likened to the Wild West, given the inability of regulators to keep up with the explo-
sive growth of medical apps. A significant pitfall to avoid is apps that falsely claim 
to diagnose, prevent, or treat a disease or medical condition. Such claims require 
FDA review and approval prior to marketing, and digital apps have been pulled off 
the market for making false claims. For example, in 2011, an app developer claimed 
that the app could use the blue light emitted from a mobile device to cure acne. The 
Federal Trade Commission (FTC) intervened to prohibit marketing of the app, 
and the app was removed from app stores for failure to obtain regulatory approval 
[24]. For digital health apps that do not make diagnostic, prevention, or treatment 
claims, however, regulatory approval is not required. Absent fraud, such apps will 
not be removed from the digital marketplace. It is thus important for clinicians to be 
able to assess the utility of digital health solutions.

Two well-known entities that evaluate Internet resources are the Health on 
the Net Foundation (HON) and the Agency for Healthcare Research and Quality 
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(AHRQ ). HON published a HON Code of Conduct (HONcode) in 1996 that 
includes 8 principles for certifying information on health and medical websites. 
The 8 principles include Authority, Complementarity, Confidentiality, Attribution, 
Justifiability, Transparency, Financial Disclosure, and Advertising [25]. AHRQ 
proposed similar criteria, including credibility, content, disclosure, links, design, 
interactivity, and caveats [26]. Hanrahan et al. recommend applying similar criteria 
to the evaluation of digital health apps [27].

In assessing the clinical effectiveness of an intervention, the clinician will want 
to consider the types of study designs used to generate evidence of effectiveness 
[28]. Traditionally, randomized controlled trials are considered the gold standard 
in evidence assessment [29], followed by observational studies such as cohort, 
cross-sectional, and case-control studies, and ending with descriptive studies such 
as surveillance, surveys, and case reports [30]. However, a nuanced that takes into 
account the size of the study and the rigor of the study design, recognizes that large, 
well-designed observational studies can yield among the highest-quality clinical 
evidence. Moreover, observational studies offer evidence of clinical effectiveness 
under real-world conditions, in contrast with randomized trials, which may have 
restrictive inclusion and exclusion criteria and lack generalizability beyond the 
highly controlled experimental study settings [31]. A commonly used system of 
assessing the quality of evidence generated by medical studies is The Cochrane 
Collaboration’s GRADE approach [32].

MDAs vary widely with regard to functionality. By being aware of the different 
functions offered by different MDAs, the clinician can tailor recommendations 
to patients with different musculoskeletal monitoring or rehabilitation needs. As 
detailed in Table 1, some apps are more focused on pain management, while others 
are focused on restoring and improving physical function. Some apps include hard-
ware, such as EKG and heart rate sensors and sensors over joints to track movement. 
Other apps focus on behavioral interventions to address pain and help patients stay 
on track with physical therapy plans to address musculoskeletal injuries.

Evidence based exercise-therapy is another function offered by a number of 
digital vendors. From gathering detailed information on movement and activity 
and leveraging artificial Intelligence, digital apps can deliver personalized advice 
and exercise programs that adapt according to the progress made by the individual. 
Some apps focus on preventing the development of conditions and maintaining 
musculoskeletal health, including access to a comprehensive library of preventative 
exercise programs, including Pilates, yoga, stretching and strengthening options. 
TrackActive is a digital application that specializes in rehabilitation of musculoskel-
etal conditions and acts as virtual physio enabling people to assess and self-manage 
injuries and common conditions from home [33]. Based on the member profile, 
this application tracks members activities using different surveillance techniques 
and provides personalized recommendations. Telehealth apps that facilitate virtual 
second opinions for different musculoskeletal conditions are also increasingly being 
utilized [34].

Many digital apps now focus on musculoskeletal injury prevention in occupa-
tional settings. Musculoskeletal injuries are the largest single category of workplace 
injury and account for 28% of all occupational injuries [35]. Occupational health 
focused digital apps thus aim to reduce muscle, joint, tendon, ligament and nerve 
injuries/illnesses across the workforce to improve availability and productivity [36].

With 40% of all mobile apps related to healthcare, verifying accuracy of clini-
cal content and validating apps for intended clinical uses is critical. While assess-
ing the clinical benefit of MDA functions, it is important to review the available 
evidence. For example, one randomized controlled trial (n=215) concluded that an 
MDA that included behavioral interventions such as medication reminders, daily 
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surveys of symptoms and potential adverse effects, fared no better than usual care 
in reducing pain scores [37].

Mobile health apps for monitoring postoperative pain are another promising 
frontier for MDAs. Such digital apps can provide real time monitoring and symp-
tom management and can help improve self-management skills with post-operative 
pain. To alleviate pain, digital apps can provide appropriate distraction, relaxation, 
and guided imagery techniques. However, a critical review of digital apps focused 
on self-management of pain showed very limited involvement of healthcare special-
ists and limited evidence based self-learning content. Lalloo et al. found that of 10 
mobile applications meeting inclusion criteria, none provided social support, goal 
setting criteria, or had scientific evaluation or end users in their development [38]. 
Only 50% of the apps included a provider specialist in the development. There is 
accordingly a need to build comprehensive pain self-management, evidence based, 
personalized, AI-driven mobile applications.

When assessing an MDA’s functionality, the clinician will want to assess the 
MDA’s ability to not only improve subjective pain scores, but also to improve 
objectively quantifiable measures of disability function. The MDAs with high-
est likelihood of yielding clinical benefit are those whose efficacy on objective 
measures have been established in peer-reviewed studies [39]. For example, 
two smaller randomized controlled trials demonstrated efficacy of MDAs with 
respect to improving both knee and back pain and disability function [40, 41]. 
These beneficial impacts on both chronic musculoskeletal pain and disability 
function were subsequently confirmed in a large 10,000 participant longitudinal 
cohort [42].

Moreover, some MDAs offer population health surveillance features that can 
be useful to health officers in organizations tracking the health of their workforce. 
While such features can be very useful in workforce injury surveillance and 
prevention, it is important to be aware of privacy issues when deploying such 
solutions in an organizational or work setting. In particular, the ability to lever-
age Artificial Intelligence (AI) focused digital health apps for population health 
surveillance have garnered critical attention during the COVID19 pandemic. Tools 
that track disease activity in real time include contact tracing applications that 
identify and track individuals who might have come in contact with an infected 
person. User consent is essential for the adoption and sustained growth of such 
digital health applications [43, 44].

Finally, in evaluating the utility of digital health apps, clinicians should also rec-
ognize app performance issues such as functionality, stability/reliability, and stage 
of development, which affect the usability of the app and the benefit to patients. 
The proliferation of digital health applications has led app developers to focus on 
functionality, stability, security, privacy, usability, reliability, and data accuracy. In 
evaluating performance of mobile apps, it is advisable to utilize a framework that 
evaluates each dimension of the application. We recommend a framework consist-
ing of rating domains and criteria for each domain. The domains are (1) Usability, 
which includes functionality, visualization, ease of install and use, multi-language 
support and ability to customize; (2) Content (Technical), which includes per-
formance, stability, interoperability, portability, bandwidth and application size; 
(3) Content (Health), which includes quality, presentation and validation of the 
information, literacy level, measurement and interpretation of the information and 
potential for harm; (4) Security/privacy/compliance, which includes data authen-
tication, protection, tokenization, authentication and pro-active breach signaling; 
and (5) Transparency, which includes member consent, cost of the app and accu-
racy of the description in the app stores [45].
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4. Employer and Payor Reimbursement

The COVID-19 pandemic fueled rapid healthcare provider adoption of tele-
health, as social distancing measures were implemented and government and 
commercial payors relaxed regulations and reimbursement requirements [46]. The 
transformation of care delivery in turn enabled consumers and providers to connect 
via virtual healthcare visits and associated modalities. The widespread adoption of 
telehealth has led both employers and payers to accelerate and look for innovative 
ways to reimburse for different digital health apps. For example, the recent $37 
Billion merger of telehealth leader Teladoc and digital chronic disease management 
company Livingo has set the precedent for rapid change in adoption of digital appli-
cations with payers and employers ready for embracing them as part of mainstream 
providers [47]. In the fragmented U.S. market, potential barriers remain in terms of 
who will pay, but payers are starting to cover digital apps.

The Decision Resources Group found that across healthcare executives in 
integrated health networks (IDNs), Medicaid managed care organizations (MCOs), 
and pharmacy benefits managers (PBMs), 25% said their organization provides 
coverage for digital therapeutics, and an additional 45% expressed interest in 
providing coverage. In a 2019 survey, the National Business Group on Health found 
that 25% of large self-funded employers are considering creating orthopedic centers 
of excellence by 2021 [48]. Moreover, 45% of orthopedic COE contracts are struc-
tured as bundled payments. Given the potential for clinical benefit and cost savings, 
employers and health insurance payors are increasingly reimbursing use of digital 
health apps.

5. FDA Regulation of Digital Health Apps

Products intended to diagnose, prevent, or treat disease must be approved 
by the FDA prior to marketing. FDA regulation of medical devices balances two 
competing goals: [1] promoting innovation and improvement in medical devices; 
and [2] ensuring that medical devices are safe and effective [49]. Accordingly, FDA 
classifies medical devices according to potential risk. Class I devices are low risk and 
subject to general controls, and examples include bandages and sunglasses. Class 
II devices are intermediate risk and are often approved subject to the abbreviated 
510(k) pathway, if the devices are able to rely on the prior approval of a similar 
device. Examples include pregnancy test kits, hearing aids, and powered wheel-
chairs. Class III devices require a premarket approval application (PMA) and are 
subject to full FDA review of safety and efficacy. Only 10% of medical devices fall 
in this category, and examples include implantable pacemakers, and high-frequency 
ventilators.

FDA has historically struggled to fit medical software and apps into the tradi-
tional medical device classification. In recent years, however, FDA has issued more 
detailed guidance informing app developers when digital health products will need 
to undergo regulatory review, and the requirements for regulatory approval [50]. 
FDA takes a risk-based approach to medical software and app regulation, focus-
ing on devices that could pose a risk to a patient’s safety if the device were not to 
function as intended. For example, software functions that transform the mobile 
platform into a regulated medical device by using attachments, display screens, or 
sensors—such as motion tracking sensors or EKG functionality—will be subject 
to regulation as a medical device [51]. Apps that perform patient-specific analysis 
and provide patient-specific diagnosis, or treatment recommendations, such as 
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image-processing software and radiation therapy treatment planning software, will 
also be subject to close regulatory scrutiny. On the other hand, FDA intends to exer-
cise its discretion not to enforce regulations for lower risk apps that automate simple 
tasks for health care providers or help patients self-manage their disease without 
providing specific treatment suggestions. For example, FDA will not enforce its 
regulations on software functions that provide physicians easy access to the latest 
treatment guidelines, or software that coaches patients on the basics of conditions 
such as obesity or arthritis and provide strategies for weight reduction. Indeed, 
most digital health apps are not reviewed and cleared by FDA. In November 2013, 
only 100 of over 10,000 medical apps available on the marketplace were cleared by 
FDA [52].

To evaluate the clinical effectiveness and safety of software as a medical device, 
FDA will assess the following questions: [1] Is there a valid clinical association 
between the software output and the targeted clinical condition?; [2] Does the 
software correctly process input data to generate accurate, reliable, and precise 
output data?; and [3] Does use of the software’s accurate, reliable, and precise 
output data achieve the intended purpose in the target population in the context of 
clinical care? [53]

Because medical-grade digital health solutions intended to diagnose, treat, or 
prevent a medical condition are subject to FDA scrutiny, the stamp of FDA approval 
is an important designation on which clinicians and organizations can rely in decid-
ing whether to recommend or adopt digital health solutions. Conversely, lower risk 
consumer facing apps that do not make treatment recommendations are not subject 
to FDA enforcement. Thus, clinicians can use these principles, considering patient 
preferences, in recommending digital health apps to their patients.

6. Conclusion

Consumer driven health care is here to stay, and the digital health landscape is 
rapidly evolving to become increasingly consumer facing [54]. Payors are increas-
ingly reimbursing for digital health solutions, especially medical apps that have 
proven effectiveness and that have obtained FDA approval. However, the function-
ality and clinical effectiveness of musculoskeletal digital health solutions varies 
widely. It is thus essential for healthcare providers to assess the available evidence 
supporting effectiveness claims in digital apps. By understanding the MDA land-
scape, healthcare providers can leverage digital health tools to provide optimal 
clinical care to individual patients, and to help manage and prevent musculoskeletal 
injuries on an organizational scale.
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Chapter 3

Particulate Matter and Human 
Health
Karuna Singh and Dhananjay Tripathi

Abstract

This chapter provides an introduction to particulate matter by discussing  
various ways of categorisation, characterisation and their health effects. The natural 
and anthropogenic sources of atmospheric particulate matter are discussed. The 
chapter also introduces qualitatively some aerosol concepts, such as their chemical 
composition and size distribution. Some examples are provided to illustrate how 
particulate matter, despite being microscopic particles, can manifest themselves in 
the atmosphere. Finally, the various pathways by which particulate matter impacts 
the health system are reviewed along with their interactions to understand concept 
behind the PM-associated health effects.

Keywords: Aerosol, PM, Health effects, Chemical constituents, Heavy metals

1. Introduction

Air pollution has become a major environmental and health concern worldwide. 
Even though, the effect of air pollution has been recognised since classical times yet 
the studies correlating human health and air pollution came into existence in near 
twentieth century. According to WHO, air pollution refers to contamination/or 
changes in the natural environment by physical, chemical or biological agent  
(pollutants), which may be contributed by natural or anthropogenic sources. In 
reality, some of these pollutants are naturally present but are of least concern because 
of their lower levels. Once, their level cross prescribed levels they are harmful 
for humans including other living organisms and natural environment. National 
Ambient Air Quality Standards (NAAQS), sets limits for six criteria air pollutants viz. 
carbon monoxide (CO), lead (Pb), nitrogen dioxide (NO2), ozone (O3), particulate 
matter (PM) and sulphur dioxide (SO2).

Particulate matter refers to a complex mixture of solid particles and liquid 
droplets (EPA). In general, they may vary in size and composition depending upon 
its location and time of its source e.g., PM emitted from mining activities will have 
metal contaminants associated with them whereas sea aerosols will mainly contain 
organic contaminants. Depending on these it might contain nitrates, sulphates, 
elemental and organic carbon, organic compounds (PAH), biological compounds 
(endotoxin, cell fragments) and heavy metals (Fe, Ca, Ni, Zn etc.). PM are becom-
ing increasingly ubiquitous but the disease burden related to PM pollution is 
quite high in low- or middle-income nations as compared to developed countries. 
According to WHO every nine out of ten people breathe polluted air worldwide. 
The State of Global Air Report in 2020 reported that more than 90% of the world’s 
population were exposed to PM2.5 level that exceeds WHO guideline limits, with 
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developing countries more at risk. Also, studies on particulate matter exposure have 
explained the various health associated problems including heart attacks, asthma, 
decreased lung capacity, respiratory symptoms such as irritation of airways, 
 difficulty in breathing and premature death (Figure 1) [1–4].

The size of PM can be related to their sources, due to the physical processes that 
form these particles and the atmospheric processes that control the fate and evolu-
tion of particle size distributions in the ambient atmosphere. PM10 (particles with 
aerodynamic diameters less than or equal to 10 μm) is generated largely by physi-
cal processes, including resuspension of soil and road dust, sea spray, agricultural 
tilling, vehicular abrasion (i.e. tyre and brake wear), and fugitive dust emission 
from industrial sources (Figure 1). PM2.5 (particles with aerodynamic diameters 
less than or equal to 2.5 μm) comprise predominantly the condensation of second-
ary inorganic and organic compounds and PM0.1 (particles with aerodynamic 
diameters less than or equal to 0.1 μm) particles comprise predominantly second-
ary sulphate and bisulphate ion, secondary nitrate ion, secondary ammonium 
ion, and carbonaceous PM from primary and secondary sources, but also include 
some crustal materials. The origin of PM0.1 is attributed to combustion sources 
and atmospheric nucleation. They have short atmospheric lifespan as they grow 
to form accumulation particles. They get enriched in carbonaceous aerosols and 
metals from combustion of oil and other fuel, also from high temperature process-
ing of metals. However, smaller particles can affect and damage the body organs to 
the greater extent; although the impact is variable depending upon the concentra-
tion and composition of particulate matter. For example, heavy metals like lead, 
arsenic and cadmium are well known to cause toxicity in the human body, whereas 
sulphur aerosols which form sulphuric acid are corrosive and can damage the  
tissues; PAHs are potent carcinogens and can cause cancer (Table 1).

1.1 Air quality standards

Air pollution levels in most of the urban areas have been a matter of concern. 
To improve air quality, WHO is working with different countries to understand the 
problem related with air pollution. It has revised guidelines for key air pollutants 
in the ambient environment: particulate matter, nitrogen dioxide, sulphur dioxide, 

Figure 1. 
Dust event at Safdarjung Tomb Delhi, India (Image Courtesy: Shubham).
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carbon monoxide and ozone. The concentration limits for these air pollutants 
along with prescribed European Union Ambient Air Quality Standards are given in 
Table 2.

2. PM: sources and classification

Depending on their origin, aerosols may be natural or anthropogenic. The main 
sources of anthropogenic particulate matter in the atmosphere lie in urban and 
industrial areas, e.g., vehicular exhaust emission, wear and tear mechanism on 
roadways, industrial emissions, construction sites and household emissions. On 
the other hand, main source of particulate matter in rural areas is dominated by 
agricultural activities and biomass burning.

Aerosol sources are classified into primary and secondary types on the basis 
of their origin. Primary particulate matter are those emitted into the atmosphere 
directly, whereas secondary particulate matter are formed in the atmosphere from 
pre-existing precursors. Thus it is clear that sea salt, mineral dust and soot par-
ticles are primary particulate matter, whereas organic particles formed from the 
oxidation of volatile organic compound and sulphates from the oxidation of SO2 
or other sulphur containing gases are secondary particulate matter. It is also noted 
that there is distinct zone, called as “grey zone” between primary and secondary 
particulate matter formed in case of some low volatile organic compounds that 

Category Size range (μm) Respiratory system permeability

Smog/Atmospheric dust/Tobacco 
smoke

0.01–1 Alveolar penetration/ Bronchial 
penetration

Fly ash/cement dust 1–100 Nostril to Bronchial area

Pollen/Household dust 0.1–100 Nostril to Alveolar area

Bacteria/Bacterial spores 0.7–10 From larynx to bronchial area

Viruses 0.01–1 Alveolar penetration/ Bronchial 
penetration

Table 1. 
Particulate matter (PM); size attribution and penetration to human respiratory system [5–7].

Sl no. Pollutant Time 
weighted 
average

Ambient air 
quality standards 
for the European 

Union

Guideline values 
prescribed by 
WHO (2005)

1 Particulate matter (size less 
than 10 μm) μg/m3

Annual Avg 40 20

24 hours 50 50

2 Particulate matter (size less 
than 2.5 μm) μg/m3

Annual Avg 25 10

24 hours — 25

3 Sulphur Dioxide(SO2) μg/m3 24 hours 125 20

4 Oxides of Nitrogen as NO2 
μg/m3

Annual Avg 40 40

hours 200 200

5 Ozone μg/m3 8 hours 120 100

Table 2. 
Air quality standards.
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condense onto particulate matter but not directly within emitting sources, such 
as some hydrocarbons in vehicular exhaust. In general, secondary particulate 
matter formation involves chemical transformation from volatile precursors 
(Figure 2) [8].

2.1 Primary natural sources of PM

Significant natural sources of primary particulate matter are dominating in 
nature due to the mass emissions of sea salt, which is the biggest contributor  
[7, 8]. Other natural sources of primary particulate matter is soil dust or rock debris 
generated through physical action, emission of smoke from biomass burning and 
debris from volcanic eruptions. Primary biogenic PM consists of pollen, spores and 
plant waxes.

2.2 Secondary natural sources of PM

Major source of natural secondary particulate matter are sulphates and nitrates. 
They are formed in atmosphere due to gas to particle conversion processes. The 
major chemical species responsible for this conversion process, involving the 
natural gaseous compound are nitrogen, sulphur, carbonaceous and organic 
molecules. Although, various organic substances derived from plants can add larger 
contribution to the total PM mass. The major generation of particulate matter 
occurs via condensation of sulphates and nitrogen containing gases. The amount of 
particulate matter generated by gas to particle conversion process is usually same 
as PM generated through direct emission of natural particulate matter and greater 
amount of PM is generated via this process in comparison to direct emission from 
anthropogenic action [9].

2.3 Primary anthropogenic sources of PM

A significant amount of atmospheric PM is contributed through the anthropo-
genic activities. It consists of both primary and secondary particulate matter. The 
primary particulate matter are sourced mainly from the fossil fuel burning, indus-
trial activities, transportation activities and other nonindustrial activities. These 
particulate matter contains sulphate, nitrate, ammonium, trace elements, carbona-
ceous matter and water vapour. The carbonaceous portion of this particulate matter 
consists of elemental carbon and organic carbon and sourced from the combustion 
process and from condensation process.

Figure 2. 
Sources and formation process of PM.
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2.4 Secondary anthropogenic sources of PM

Secondary anthropogenic PM is formed in the atmosphere by the chemical 
reactions of gaseous precursors such as sulphur dioxide, nitrogen oxides and 
ammonia during the transport process. During night, primary oxides of sulphur 
and nitrogen may get converted to secondary PM in the presence of nitrate radi-
cals. Their origin and growth occur from pre-existing particles, that may grow 
via matter condensation and thereby leading to new particles formation through 
homogeneous nucleation. These processes regulate the mass transfer from the gas 
phase to the particulate phase which is being controlled by sulphur, nitrogen or 
organic and carbonaceous species.

3. Chemical constituents of PM

3.1 Sulphur containing species

The most sulphate particles in atmosphere are secondary and formed through 
nucleation and condensation processes due to the oxidation of its gaseous precursor 
(sulphur dioxide and dimethyl sulphide). Major portion of sulphate particles are  
contributed by emission from combustion process and found to be in the size range of 
0.1 μm to 2 μm. The formation of sulphate are attributed to several mechanisms such 
as liquid-phase reactions within cloud droplets or oxidation of sulphur dioxide with 
hydroxide in gaseous phase reactions [10]. SO2 is emitted to the atmosphere from both 
anthropogenic and natural sources, although it has been estimated that more than 
70% of SO2 global emissions are released by anthropogenic sources [11], and fossil 
fuel combustion is responsible for the majority of these emissions. Other SO2 sources 
are biomass burning, shipping, metal smelting, agricultural waste burning, pulp and 
paper processing, and a modest volcanic source [12, 13]. While considering the historic 
point of view, sulphur dioxide emission from anthropogenic sources have soared from 
approximately 7.2 fold from 1890 to 2000 [14]. Anthropogenic emission of sulphur 
dioxide was maximum in early 1970s and decreased until 2000. However, there has 
been rapid increase in their emissions due to the developmental activities in the under-
developed countries [12, 15, 16]. Study indicates the growing importance of interna-
tional transport as a major factor in the increase of sulphur dioxide emissions [13].

3.2 Nitrogen containing species

As in the case of sulphates, nitrogen compounds are mainly of secondary  
origin and mainly arise from the reaction of natural and anthropogenic gaseous 
precursors. These aerosols generally have diameters smaller than 2.5 μm [17, 18]. 
Nitrate ion and ammonium ion are the two main nitrogen containing compounds in 
particulate matter. The major precursor gases released by natural and anthropogenic 
activities are NO, NO2, N2O and NH3. Moreover, nitric acid is the main product 
generated by oxidation in the atmosphere.

The major anthropogenic addition of secondary nitrate precursor gases is mainly 
due to power generation and other combustion processes producing high temperature, 
such as those occurring in the vehicular motors and in biomass burning [19]. On the 
other hand, agricultural activities such as land fertilising are the main source of atmo-
spheric NH3, although it is emitted by other sources as well, including waste collection, 
vehicles and a number of production processes [20]. Natural nitrogen compounds 
come mainly from soil emissions (nitrification, N2O), wildfires (NO2, NO), electrical 
discharges (NO) and biogenic emissions (NH3).
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The production of secondary nitrate is heavily dependent on the amount of gas-
eous NH3 and HNO3 and of particulate SO4, as well as on temperature and humidity 
[21]. Homogeneous (gas-phase reaction of NO2 + OH) and heterogeneous (hydro-
lysis of N2O5 on aerosol surfaces) reactions are involved in the formation of nitric 
acid during the daytime and night time, respectively. In normal conditions, the 
gaseous nitric acid dissolved in liquid microparticles reacts with the ammonia in the 
atmosphere forming particulate ammonium nitrate [22]. Sometimes larger particles 
of sodium nitrate and calcium carbonate are formed due to high concentration of 
sodium and calcium ion, sourced from sea salt and mineral dust and due to acidic 
environment. These particles are larger than the particles of ammonium nitrate [23].

3.3 Carbonaceous particles

Carbonaceous particle are in a significant fraction of atmospheric particulate 
matter and constitutes a wide range of compounds. It has been estimated that 
carbonaceous fraction contributes 20–50% of the PM2.5 mass fraction in urban and 
rural areas depending on source and 70% of the PM1 mass fraction [24, 25]. The 
carbon fraction of particulate matter could be categorised into three main groups: 
carbonates, organic carbon and elemental carbon or black carbon.

The carbon found in the form of carbonates (mainly CaCO3 and MgCO3) occurs 
usually as super micrometric particles resuspended from the ground. This fraction 
is neglected because of the size and also, there is no straight forward technique for 
determining it (it is usually identified by acidifying the sample and determining 
CO2). Organic carbon constitutes the non-absorptive fraction of the carbonaceous 
particles that may be of either primary or secondary origin. Sources of organic carbon 
are not well known, especially those formed by secondary atmospheric processes 
[26]. Studies related to the organic carbon formation have suggested that a significant 
fraction is formed by water soluble compounds. This is a crucial finding as it may 
responsible for the radiative balance of the atmosphere and influence the hydrological 
cycle [27]. Black carbon is the most refractory and polymerised part of the particulate 
matter, is generated mainly by fossil-fuel combustion and biomass burning [28]. 
Black carbon particles have diameter in the range of 10–100 nm and the mass ratio 
(H/C) of around 0.1 [29]. Black carbon fraction contributes less to overall particulate 
matter but absorbs incoming and outgoing radiation very actively [30, 31].

3.4 Elemental components

The main elemental components associated with PM are described in accordance 
of particle sizes measured. For PM2.5 and PM1 there are many components that are 

Composition Particulate matter diameter range (μm)

10–2.5 2.5–1.0 < 1.0

Elemental 
Components

Na, Mg, Al, Si, S, Cl, K, 
Ca, Fe, Zn, Pb, Cr, V, 

Ni, Cu,

Na, Mg, Al, Si, S, Cl, K, 
Ca, Fe, Zn, Pb, Cr, V, 

Ni, Cu,

Na, Mg, Al, Si, S, Cl, K, 
Ca, Fe, Zn, Pb, Cr, V, 

Ni, Cu,

Ionic 
Components

Clˉ, NO3ˉ, SO4ˉˉ, Na+, 
K+, Ca++

NO3ˉ, SO4ˉˉ, NH4
+, Na+, 

K+, Ca++
Clˉ, NO3ˉ, NO2ˉ SO4ˉˉ, 

NH4
+

Origin Terrestrial and sea salt Secondary generated 
particles

Secondary generated 
particles

Table 3. 
Size-resolved elemental composition of particulate matter [32–34].
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thought to contain secondary generated particles. There are several elements that 
are identified by researchers [32–34] based on locations and it is considered that the 
atmospheric PM elemental compositions are source based, Table 3 (viz. Na, Mg, 
Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Se, Br, As, Rb, Sr., Y, Nb, 
Mo, Hg, Pb etc.). Also, it is noted that hydrogen ion is obviously included in PM 
components.

4. PM associated human health

4.1 Health impacts resulting from PM and its constituents

Growing number of studies in the last few years provided evidence linking 
disease and adverse effects to extremely low levels of PM and its toxic components. 
Many components for instance organics such as PAHs, inorganics such as heavy 
metals are known carcinogens and are responsible for numerous adverse health 
effects in humans. Apart from this, exposure to PM has been linked to increased 
hospital admissions, carcinogenicity, developmental disorders, nervous system 
effects, respiratory symptoms, cardiovascular diseases, decreased lung func-
tion and premature mortality [35–40]. Recent finding showed the presence of 
nanoparticles on the foetal side of the placenta indicating that the placenta bar-
rier can be easily penetrated by the PM resulting in exposure to foetus [41]. This 
indicates that the extent of toxicity of PM is not only limited to the adults but 
also to the foetus as well. Moreover, long term exposure to PM pollution renders a 
population more vulnerable to COVID-19, increased hospitalisations of patients 
with predisposed asthma or other respiratory ailments were also reported. Hence, 
the impact and toxicity of PM and its components depend on various factors 

Figure 3. 
PM and human health impacts.
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including their solubility in water, residence time, elemental composition, particle 
size and chemical reactivity; local environmental conditions- season, wind speed, 
topography etc.

At present, research studies based on population data do not provide enough 
evidence to identify differences in the effects of particulate matter with differ-
ent chemical constituents [37]. However it should be noted that the evidence 
for hazardous nature of particulate matter generated through the combustion 
process, from mobile and stationary sources, are more consistent than that 
from other sources [38]. The black carbon fraction of PM2.5 that is resulted 
from incomplete combustion has great concern towards their contribution to 
detrimental effects on human health as well as on climate. Other constituents 
of particulate matter attached to black carbon are seen as responsible for vari-
ous health effects, such as PAHs that are well known carcinogens and toxic to 
the cells, also metals and inorganic salts. It has to be noted that diesel engines 
exhaust, consisting mostly particulate matter, has been classified as carcinogen 
(Group 1) to humans by the International Agency for Research on Cancer [39]. 
This also includes some PAHs as well as some solid fuels used in household 
(Figure 3 and Table 4) [40, 42].

4.2 Respiratory effects

Respiratory system is mainly affected by all types of air pollutants. High levels 
of sulphur dioxide, nitrogen oxides and ozone are linked to symptoms such as 
nose and throat irritation, cough, chest discomfort due to narrowing of airways, 
increased mucous production on the walls of upper airways following which 
inflammatory reactions may occur leading to asthma and more severe condition 
COPD [42, 43]. People with respiratory ailments are more sensitive to air pollution 
exposure.

The human health risks of PM are attributed to their deposition and trans-
portation in the human body. The particles are deposited in the lungs by the 
process of impaction, interception, sedimentation and diffusion. In general, 
larger PM fractions (> PM2.5) are mostly deposited in the upper respiratory 
tract by means of impaction. Smaller size PM (< PM2.5) can deposit deeper 
into the lower airways and alveoli depending on the flow rates and diffusion, 
and may be transported to other tissues and organs via bloodstream. Several 
studies have also provided the evidence that exposure to smaller particles can 
result in serious health effects. Although, the impact is variable depending 
upon the composition (heavy metals, PAHs act as carcinogens), concentration 
and duration of exposure to the particles. Exposures to PM bound heavy metals 
(arsenic, nickel, lead etc.) are responsible for asthma, emphysema and even 
lung cancer [44].

Although in vitro studies on human health due to PM pollution are numerous, 
there are relatively few that focus on the epidemiological aspects. Studies are scarce 
regarding investigation focusing on the mechanism of PM toxicity at cellular and 
molecular levels (Figure 4).

Components Health effects

Heavy metals Respiratory infections, Neurological effects, Carcinogenicity, Renal disorders

PAH Decreased immune function, carcinogenic effects, lung function abnormalities

Table 4. 
PM component and its health effect.
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4.3 Cardiovascular effects

In recent studies, multiple cardiovascular effects have been documented due to 
the exposure of air pollutants. According to Global Burden of Disease report, 2018 
air pollution was responsible for 19% of cardiovascular deaths in 2015. It was also 
the cause of about 21% of deaths due to stroke and 24% of deaths from coronary 
heart disease.

Carbon monoxide has high affinity for haemoglobin and thus it displaces the 
oxygen and binds with haemoglobin to form carboxyhaemoglobin. It is a stable 
compound which cannot bind and deliver oxygen to tissues leading to tissue hypoxia 
(decrease oxygen carrying capacity). Increased risks of ischemic heart disease and 
myocardial infarction have been demonstrated among occupational groups exposed 
to gaseous emissions whereas short term exposure studies have reported changes in 
vasomotor function among healthy individuals as well as increase in prothrombo-
genic effects. Increased hospital admissions due to myocardial infarctions, increased 
congestive heart failure among the elderly population as a result of elevated PM 
concentration were also reported. Long term exposure to traffic emissions have been 
linked to coronary arteriosclerosis while, short term exposure is related to hyper-
tension, stroke, myocardial infarctions and heart abnormalities [44, 45]. In vitro 
studies in experimental animals exposed to PM results in systematic inflammation 
and oxidative stress in the cardiovascular system and may enhance the progression 
of atherosclerosis in animals predisposed to this disease. In addition to this, chronic 
exposure to nitrogen oxide may result in ventricle hypertrophy [45].

4.4 Neurological effects

Exposure to heavy metals (e.g., lead, mercury) and dioxins have been corelated 
with several neurological effects in humans. Lead exposure occurs through inhala-
tion, ingestion and dermal absorption. Conditions such as neurological damage 
(mimics Ca and disrupts Ca homeostasis), lower IQ and attention impairment of 
hand-eye co-ordination and encephalopathy has been associated with chronic expo-
sure of lead [40]. It is well recognised teratogen can easily pass through placenta 
and can cross blood–brain barrier. Therefore, it can cause more harm to the foetus. 
Mercury (methyl mercury) is another heavy metal that effects the nervous system. 
Organic mercury is fat soluble and can be distributed in the central nervous system 
where it is oxidised to Hg2+ and causes neurological damage. Symptoms include 

Figure 4. 
PM and associated respiratory effects.
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memory loss, narrowing of vision, loss of muscle coordination and emotional 
instability [46].

4.5 Carcinogenicity

Presence of heavy metals, dioxins etc. have detrimental effect as they bioaccu-
mulate and interfere with the normal functioning of the cell [40, 47]. Chemically, 
metals in their ionic form are more reactive and can interact with biological 
systems in different ways such as cadmium and mercury can readily attach to 
sulphur in proteins. Apart from this, they are known to mimic and replace essen-
tial metals, for instance cadmium can replace zinc and arsenic mimics phosphate. 
Furthermore, they are known to induce oxidative stress, producing oxidative 
modification of biomolecules; which might be a key step in the initiation of cancer 
cells (Figure 5) [47].

5. Conclusions

Particulate matter being the contributor for human health burden poses a 
major challenge globally. For comprehensive understanding and involved process 
and their interactions requires continuous investigation. The broad range study 
associated with atmospheric aerosols requires that integrate approaches be used for 
their investigation. As the impacts are high in developing countries as compared 
to developed nations where major cities are under development that poses major 
pollution burden. However, policies governing the same should be more stringent to 
control the menace of pollution burden.

Figure 5. 
Mechanism of toxicity of PM bound heavy metals.
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Chapter 4

Heavy Metals in the Environment 
and Health Impact
Myriam El Ati-Hellal and Fayçal Hellal

Abstract

Heavy metals are among the most harmful contaminants in the ecosystems 
due to their persistency, bioaccumulation and high toxicity. In this chapter, we 
presented the sources, distribution and pathways of heavy metals in soil, water and 
air. The physico-chemical properties, uses, toxicity and health hazards of the purely 
toxic heavy metals lead, cadmium and mercury were also described. Other essential 
heavy metals were briefly presented and the main health effects due to their defi-
ciency or excess were displayed in this chapter. Finally, the various methods used 
for the removal of heavy metals from soil and aquatic environments were discussed 
with a focus on nanomaterials.

Keywords: Heavy metals, classification, properties, uses, health hazards, removal

1. Introduction

Environmental pollution has exposed humans to various contaminants such 
as pesticides, heavy metals or polycyclic aromatic hydrocarbons [1]. Unlike most 
organic pollutants, heavy metals are not removed from ecosystems by natural 
processes. They tend to accumulate in biotic and abiotic environments reaching 
toxic levels [2–4]. The introduction of heavy metals into the environment can result 
from natural events as volcanic eruptions, soil erosion and forest fires or anthropo-
genic activities including mining operations, industrial and domestic effluents and 
fertilizers application [3].

A number of heavy metals are considered essential for human health. They are 
important constituents of several key enzymes and play a crucial role in various 
biochemical reactions [5]. An insufficient supply of these elements leads to vari-
ous deficiency syndromes. However, these micronutrients can become toxic from 
a threshold content in the body. Other elements are not beneficial for health and 
can be highly toxic even at very low levels. This is the case of lead, cadmium and 
mercury that are among the list of 10 chemicals of major public concern due to their 
high water solubility, toxicity, and carcinogenesis. Acute and chronic exposure to 
these elements affects human health and could cause incurable diseases leading to 
death [2, 3, 6, 7].

2. Classification of metals

Metals are elements with a good electric conductivity and whose electric resis-
tivity is directly proportional to the absolute temperature. Several other physical 
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properties such as high thermal conductivity, reflectivity, malleability and ductility 
are common to metals [4]. The term “heavy metals” has been widely used in the 
environmental literature and diverse definitions, based on density, atomic mass or 
atomic number and on chemical properties, have been proposed for this term [8, 9]. 
Usually, a heavy metal is an element with an atomic weight between 63.5 and 200.6 
and a density greater than 5.0 [10]. Unlike organic contaminants, heavy metals are 
highly persistent and tend to accumulate in tissues of leaving organisms.

Metals can be classified according to their biological effect. They are considered 
as “essential” when deficiency symptoms are noted with depletion or removal 
and “nonessential” when they have no known beneficial role to play in biologi-
cal function [4]. Essential metals include zinc, copper, iron, iodine, manganese, 
molybdenum, selenium and vanadium. Lead, cadmium and mercury are among 
nonessential elements that are highly toxic even at trace amounts. It is important 
to note that essential elements can become potentially toxic for living organisms if 
they are incorporated in amounts exceeding a certain threshold [9].

3. Heavy metals in the environment

3.1 Soil

Natural as well as anthropogenic sources of heavy metals including soil erosions, 
volcanic eruptions, forest fires, mining operations, industrial activities, fertilizers 
application as well as urban wastes may lead to the contamination of soils [3]. Heavy 
metals occur naturally in ores in different chemical forms such as sulfides or oxides. 
Industrial pollution results from various activities such as chemical manufacturing, 
oil refining, metal processing and plating, tanneries and plastics.

Wind, water and gravity are the principal factors controlling the heavy metals 
mobility in soils and landscapes. The distribution of metals between solid and solu-
tion phases depends on their chemical forms in each phase and on chemical factors 
such as pH, metal concentration or soil composition. The soil contamination by 
heavy metals may affect soil fertility by the reduction in populations of soil fauna [3].

3.2 Water

The outbreak of “Minamata disease” and “itai-itai-byo” or “ouch-ouch disease” 
in Japan during the 1940s and the 1950s drew the worldwide attention to the 
environmental hazards caused by aquatic heavy metal pollution. Minamata disease 
was due to the ingestion of fish and shellfish contaminated with highly toxic meth-
ylmercury, while ouch-ouch disease was caused by eating rice polluted with lethal 
amounts of cadmium [1].

Heavy metals enter the aquatic environment from both natural and anthropo-
genic sources. Entry may be due to direct discharges into both fresh and marine eco-
systems or through indirect routes such as dry and wet deposition. Anthropogenic 
wastes, geochemical structure and mining effluents create potential sources of 
heavy metals pollution in the aquatic environment.

Once introduced into the aquatic environment, heavy metals are distributed 
among four interactive compartments (water, suspended matter, sediment and 
biota). Metals in the aquatic environment can exist in dissolved or particulate 
form. Sedimentation, adsorption/desorption, dilution and dispersion are the 
main processes governing the distribution of heavy metals in aqueous ecosystems. 
Adsorption could be the first step of metals removal from water. Both in marine 
environments and in fresh water, the permanent or temporary storage of metals 
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takes place in sediments. Microbial activity and oxidative processes can alter the 
properties of sediments and influence the composition of pore water. Snooping 
organisms can also bring sediments to the surface, which will release a significant 
fraction of the metal [11]. The absorption of heavy metals by both fauna and flora 
could cause an increase in the concentration of the metals in the living organisms. 
If the evacuation phase is slow, it may result in a phenomenon of bioaccumulation, 
which could contaminate the aquatic food chain [11].

Unlike biosorption, bioaccumulation is an active process, whereby metals are 
integrated in the interior of cells [12]. Certain metals bind preferentially, either 
transiently or permanently, to the cell membrane and then cause structural and 
functional modifications, which are often fatal to the cell. A study by Dao and 
Beardall showed that increasing doses of lead administered to the algae Chlorella sp. 
were associated with a decrease in algal growth, as well as an inhibition of the 
photosynthetic function by the algae [13].

3.3 Air

Heavy metals occur in the atmosphere mainly in particulate form. Particulate 
matter refers to a mixture of solid and liquid particles that are dispersed in the air. It 
is composed of primary particles that are emitted directly into the atmosphere and 
secondary particulates formed through chemical transformation of gaseous pollut-
ants [1]. Metals in the atmosphere result from natural processes (volcanic eruption, 
soil erosion, sand storms, dust re-suspension) and anthropogenic sources (mainly 
industrial, agricultural and vehicle emissions). Metal oxides constitute a major class 
of inorganic particles in the atmosphere. They result from the combustion of fuels 
containing metals.

Generally, the concentrations of atmospheric heavy metals are higher in winter 
than in summer. This is probably due to the high temperature, the strong diffusion 
capacity and the rainfall in summer season. Inversely, the atmospheric deposition 
of heavy metals tend to be higher in summer than in winter. According to Duan and 
Tan, the average atmospheric concentration of lead in China is 261.0 ± 275.7 ng m−3, 
which falls below the guideline limit of the World Health Organization (WHO) 
of 500 ng m−3 [14]. The mean concentration of atmospheric cadmium in the same 
area is 12.9 ± 19.6 ng m−3, which exceeds the WHO limit of 5 ng m−3. The principal 
sources of atmospheric heavy metal pollution in China are coal burning, iron and 
steel industry and vehicle emissions [14].

4. Health impact of heavy metals

4.1 Lead

4.1.1 Physico-chemical properties

Lead (Pb) is one of the oldest heavy metals used in the past for hair dies, 
insecticides, and pottery glazes [15]. It is a naturally occurring bluish-gray metal, 
highly malleable and ductile and shiny when just cut. Lead is a dense metal, with a 
specific gravity of 11.35 and an atomic weight of 207.2 g mol−1. It is present in many 
inorganic forms (acetates, nitrates, carbonates, sulphates and chlorides) especially 
in the earth’s crust and ores [5]. Lead is also found in the environment as a result of 
radioactive decompositions because it is a natural product of the decay of uranium. 
Native lead is rare, it is currently extracted from ore associated with zinc (blende), 
silver and copper. The main mineral source of lead is galena (PbS) [5].
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4.1.2 Uses

Despite its high toxicity, lead is still used in various anthropogenic activities such 
as storage batteries, fossil fuel combustion, PVC production, electricity generation, 
alloys, glass manufacture and nuclear industry. Due to environmental pressure, lead 
emissions from motor vehicle gasoline have decreased significantly over the last 
three decades. As a result, a great improvement in air quality was observed world-
wide [1, 5]. In addition, the use of lead in paints and colorants was banned in most 
countries after children’s intoxications from lead-based pigments.

4.1.3 Health hazards

The main routes of lead exposure include ingestion of contaminated food and 
drinking water as well as incidental ingestion of dust and soil. Another major 
exposure pathway is the lead-based paint in older homes. Once inside the body, lead 
is distributed in blood and soft tissues and accumulated in skeletal bones [1].

One of the major mechanisms of lead toxicity is its ability to interact with 
proteins and to inhibit enzyme activity by competing with essential metallic cations 
for binding sites [2, 16, 17]. Acute toxicity can cause fatigue, irritability, sleepless-
ness, headache, loss of appetite, dullness, hypertension and vertigo, while chronic 
toxicity can result in neurological disorders, cognitive impairments, premature 
birth, brain injury, kidney dysfunctions, reproductive pathologies, liver damage, 
paralysis and even death [16, 18, 19]. Lead poisoning affects particularly children 
leading to hyperactivity, behavioral problems, lowered intelligence quotient (IQ ) 
and cognitive deficits [20]. In Chicago, after adjustment for all socio-demographic 
factors, it was reported that exposure to lead caused 13% of reading failure and 
14.8% of math failure in children [21]. Adverse effects of lead toxicity are also found 
in contaminated ecosystems, including biodiversity losses, decreased growth in 
plants and animals and neurological damages in vertebrates [22].

4.2 Cadmium

4.2.1 Physico-chemical properties

Cadmium (Cd) is a soft, bluish-white metal with an atomic weight of 
112.4 g mol−1 and a density of 8.65. It melts at 594 K. Cadmium was first discovered 
by Friedrich Stromeyer in Germany in 1817. It is a rare element that is not found 
as a pure state in nature and is commonly associated with zinc (one ton of zinc 
provides about 2.5–3 kg of cadmium. Cadmium is also present in lead and copper 
ores, as well as in natural phosphates (40 ppm for Tunisian phosphates, 26 ppm for 
Moroccan phosphates). In the latter case, various decadmination processes can be 
implemented [23]. Cadmium persists in the environment and has a biological half-
life of 10 to 25 years [1].

4.2.2 Uses

Cadmium is used in various industrial processes including electronics, electric-
ity, metallurgy, plastics, PVC manufacture, pigments and paints and pesticides 
[1, 24]. Significant quantities of cadmium are also found in discharges from indus-
tries processing crude phosphate [23]. Due to environmental restrictions, the use of 
cadmium in the manufacturing of nickel-cadmium batteries decreased and has been 
replaced by nickel-metal hydride and lithium-ion batteries. Recently, cadmium tel-
luride was used in semiconducting solar panels and infrared optical windows [25].
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4.2.3 Health hazards

Dietary intake is the most important pathway for cadmium exposure in humans. 
Tobacco smoke is another source of exposure containing appreciable amounts of the 
metal. As the absorption of cadmium from the lungs is much higher than from the 
gastrointestinal tract, smoking contributes significantly to the total body burden 
[1]. Cadmium is absorbed in the gut and the lungs, and transported to the liver by 
blood. Accumulation of cadmium in the body is done mainly in the liver and the 
kidneys [18]. Cadmium metallothionein is the form in which cadmium enters the 
kidneys. This complex has a protective role against cadmium toxicity through bind-
ing up to seven metal atoms per molecule. When the cadmium intake is too high, 
the metal is transported further to the kidneys and binds to other proteins [5, 17].

Adverse effects of cadmium toxicity include high blood pressure, reproductive 
disorders, fetal growth reduction, pregnancy loss, iron deficiency, gastrointestinal 
disorders, bone fracture, nephrotoxicity, renal dysfunction, neurological troubles, 
lung damage and lung cancer [1, 18, 24, 26]. In humans, blood, urine, hair and nails 
have been used as biomarkers of cadmium exposure and health risk evaluation [27]. 
Recently, Du et al. (2020) evaluated the environmental and human health hazards 
from cadmium exposure near an active lead-zinc mine and a copper smelter in 
China. They found that the cadmium concentration in hair and urine biomarkers 
in the mining and smelting areas were much higher than in the general population. 
Additionally, rice and vegetable ingestion were the two major pathways of cadmium 
exposure [28].

4.3 Mercury

4.3.1 Physico-chemical properties

Mercury (Hg) is a heavy metal with a density of 13.6 and an atomic weight 
of 200.6 g mol−1. It is rare in the earth’s crust and occurs in several forms of ore. 
Cinnabar HgS is the principal mercurial mineral [1, 5]. Mercury is a unique metal, 
as it is the only metal liquid at room temperature. In addition, it exists in nature in 
three forms (elemental, inorganic, and organic). In the atmosphere, most mercury 
is present in the form of elemental mercury vapor, while inorganic and organic 
species predominate in soil, water, plants and animals. Methylmercury, an organic 
compound of mercury, is formed as a result of the methylation of inorganic forms 
of mercury by microorganisms in soil and water [29].

4.3.2 Uses

Mercury is extensively used in various industries such as the production of 
caustic soda, the wood processing, the pulp and paper industry or the manufacture 
of batteries. Mercury is also employed as preservative of pharmaceutical products, 
as amalgams in dental industry, or as catalysts in chemical industry. Due to the 
linearity of its coefficient of expansion, mercury is used as a metal in thermom-
eters. In addition, mercury is used in jewelry making, pesticides, barometers and 
incandescent lights [1, 5, 16, 30].

4.3.3 Health hazards

Fish consumption and dental amalgam are the major sources of mercury expo-
sure in humans. Inhalation of mercury vapor is an other important pathway of 
exposure. Due to their high lipophilicity, elemental mercury and methylmercury 
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are highly absorbed in the tissues. Inorganic mercury salts are not lipid soluble; 
therefore, they do not cross the placental and blood–brain barriers. Absorption of 
methylmercury from the gastrointestinal tract in humans exceeds 90%, whereas 
absorption of inorganic mercury salts is less than 10% [7]. Once absorbed in the 
body, the inhaled mercury vapor is quickly diffused into the blood and distrib-
uted into all of the organs [6]. Then it is accumulated in the brain and the kidney 
and excreted through urine and feces. As regards methylmercury, this organic 
compound is accumulated in the liver and kidney after consumption and slowly 
converted to inorganic mercury by microflora in the intestines [31].

The toxicity of mercury, especially methylmercury, derives from its ability 
to interact with nucleophiles due to its electrophilic nature. During interactions, 
the catalytic, binding, and transport functions of nucleophiles are impaired. One 
essential mechanism related to the toxicity of mercury is the damage to mitochon-
dria that enhances the generation of free radicals [17]. The major clinical features of 
mercury acute and chronic exposures are insomnia, weight loss, vomiting, diarrhea, 
cough, dyspnea, fever, tremors, gingivitis, erythrism, delusions, hallucinations, 
acrodynia disease, congenital malformation, renal tubular dysfunction, neurologic 
disorders, paralysis and death [17, 32].

4.4 Other essential metals

Most essential metals act as catalysts for enzymes and can become toxic at high 
levels. In tissues and fluids, metals very often form complexes with organic com-
pounds such as amino acids, proteins and peptides. Table 1 displays the main health 
effects due to deficiency or excess of five essential metals (iron, zinc, copper, iodine 
and selenium) [33–38].

4.4.1 Iron

Iron (Fe) is a vital nutrient as it is a cofactor of a wide variety of cell functions. 
In the human body, iron is found as heme compounds (hemoglobin or myoglobin), 
heme enzymes, or nonheme compounds (flavin-iron enzymes, transferring, and 
ferritin). The body requires iron for oxygen transport, respiration, the tricarboxylic 
acid cycle, lipid metabolism, gene regulation and DNA synthesis [39, 40]. Inorganic 
iron and heme iron are the two forms of dietary iron. Good sources of heme iron 
include meat, poultry and fish whereas nonheme iron is obtained from cereals, 
pulses, legumes, fruits and vegetables. Iron absorption is enhanced by vitamin C, 
ascorbic acid and meat consumption, while phytates, calcium and some dietary 
fibres inhibit the nutrient absorption [41, 42].

4.4.2 Zinc

Zinc (Zn) is an essential nutrient found in all human tissue. It is a structural 
compound of nearly 300 enzymes, important for the metabolism of macromol-
ecules and that of nucleic acids. It has been estimated that the adult human body 
contains approximately 2 g of zinc. Lean red meat is an important dietary source of 
zinc. In addition, its zinc is present in a highly available form. However, fats, oils, 
sugar and alcohol have a very low zinc level [34, 43].

4.4.3 Copper

Copper (Cu) is essential for the activity of several metalloproteins and enzymes. 
It plays a crucial role in the regulation of the gene expression. Copper is required for 
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growth, defense, strength, blood cell production, iron transport and metabolism. 
The total body content of copper has been estimated to be 80 mg, with a range of 
50–120 mg. Dietary sources rich in copper include seafood, organ meats, legumes 
and nuts. Refined cereals, sugar and dairy products are poor in the nutrient [35, 44].

4.4.4 Iodine

Iodine (I) is needed for the synthesis of thyroid hormones which are involved in 
the growth, development and control of metabolic processes. Deficiency of iodine 
during early development of the brain and nervous system leads to cretinism, 
which is irreversible. At an older age, it leads to hypothyroidism and goiter, the first 

Metal Deficiency health effects Toxicity health effects

Iron • Anemia

• Mental retardation

• Brain damage

• Behavioral impairment

• Liver and heart disease

• Cancer

• Neurodegenerative disorders

• Diabetes

• Hormonal abnormalities

Zinc • Diarrhea

• Growth retardation

• Behavioral changes

• Defects in the immune systems

• Acrodermatitis enteropathica genetic disorder

• Nausea and vomiting

• Diarrhea

• Fever

• Lethargy

• Anemia

• Copper deficiency

Copper • Hypochromic anemia

• Neutropenia

• hypopigmentation

• Osteoporosis

• Vascular abnormalities

• Neurologic disorders

• Wilson’s disease

• Hepatocellular degeneration

• Necrosis

• Brain damage

• Death

Iodine • Goiter

• Congenital anomalies

• Cretinism

• Hypothyroidism

• lmpaired mental function

• Hyperthyroidism

• Goiter

• Hypothyroidism

• Hyperhyroidism

Selenium • Keshan disease

• Kashin-Beck disease

• Gastrointestinal disturbances

• Hair loss

• Nail brittleness

• Skin rash

• Garlic breath odor

• Fatigue

• Irritability

• Neurologic disorders

Table 1. 
Main health effects of deficiency and excess of essential heavy metals.
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endemic disease that has been attributed to environmental factors. Marine fish and 
shellfish are foods particularly rich in iodine [37, 45].

4.4.5 Selenium

Selenium (Se) is a component of the amino acid selenocysteine. Enzymes that 
depend on selenium play a very important role in cells. They offer protection against 
oxidative damage, modulation of growth and development as well as defense 
against infection. In humans, selenium deficiency can cause endemic cardiomyopa-
thy known as “Keshan disease”, which mainly affects children and women of child-
bearing age. Liver, kidney and seafood are particularly rich in selenium [36, 46].

5. Removal of hazardous heavy metals

5.1 Methods of treatment

Due to their toxicity, non-biodegradability and persistency, heavy metals can 
exert adverse effects on the environment and other ecological receptors. Therefore, 
their removal from soil and aqueous environments has drawn tremendous attention. 
Various methods have been developed and used to decrease heavy metals concentra-
tions in the ecosystems. These technologies can be categorized in physico-chemical 
processes such as ion exchange, reverse osmosis, membrane filtration, adsorption, 
precipitation, electrolytic removal and biological processes involving activated 
sludge and phytoremediation [12, 47, 48]. Adsorption is one of the most extensively 
used methods due to its low cost and simple preparation. It is based on mass transfer 
between the liquid phase and the solid phase called adsorbent. This process can 
run in reversible mode and the adsorbents will be regenerated by desorption. Some 
widely used adsorbents for removal of metal ions include clay minerals, activated 
carbon,, biomaterials, industrial solid wastes and zeolites [48]. Low cost adsorbents 
include natural material or certain waste from industrial or agricultural operation.

5.2 Nanomaterials for heavy metals removal

Over the past decades, nanomaterials have gained a lot of attention due to their 
high specific surface area, catalytic potential and chemical reactivity [49]. Various 
cost-effective and safe nanomaterials have been developed in treating wastewater 
solutions. Among them, nano metal oxides (NMO), nano zero-valent iron (nZVI) 
and hybrid magnetic nanoparticles (MNP) are particularly efficient in the improve-
ment of water quality.

5.2.1 Nano metal oxides

Metal based nanomaterials are commonly oxides of iron, manganese, titanium, 
magnesium, copper and cerium. These metal oxides are low-cost materials and 
provide a high adsorption capacity and selectivity. However, NMO are prone to 
agglomeration due to their poor stability. Different techniques could be used for 
NMO synthesis such as hydrothermal techniques, chemical co-precipitation, 
thermal decomposition or chemical vapor condensation [50, 51]. Generally, highly 
stable, monodisperse and shape-controlled NMO are the result of efficient syn-
thetic techniques. Luther et al. (2012) synthetized iron oxides nanoparticles for the 
removal of arsenic (III) or (V) from aqueous solutions. The adsorption followed 
the Langmuir Isotherm and capacities were determined for each nanomaterial and 
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arsenic ions [52]. Optimum binding capacities reaching 20000 μg/g for arsenic (III) 
and 4904 μg/g for arsenic (V) were observed at pH =6, after 24 h of contact time at 
room temperature.

5.2.2 Nano zero-valent iron

Due to the reducing capacity of iron (0) and the high reactivity of ferric oxide, 
nZVI composite was extensively investigated as a novel adsorbent to remove heavy 
metals from wastewater [53]. Several methods have been developed to produce 
nZVI including abrasion, grinding, reduction with sodium borohydride, carboth-
ermal reduction, ultrasound assisted method, electrolysis or biosynthesis [54]. In 
spite of their effectiveness in water treatment and remediation, some disadvantages 
mainly due to aggregation, difficult separation and lack of stability are encountered 
with the use of nZVI. To overcome these technical difficulties, modifications of 
nZVI could be applied such as doping the composite with noble metals, surface 
coating with polymers or anionic surfactants, emulsification or immobilization 
with silica, activated carbons or zeolites. Huang et al. (2015) applied modified 
nZVI with sodium dodecyl sulfate anionic surfactant for chromium (VI) removal 
[55]. They found an enhanced removal capacity and a great stability with nZVI 
modification. The adsorption followed the pseudo-second order kinetic model and 
the Freundlich Isotherm. The highest removal efficiency of chromium (VI) was 
obtained at pH 3.0 and 25°C, at the value of 98.919% after 120 min of contact time.

5.2.3 Hybrid magnetic nanoparticles

Hybrid magnetic nanostructures contain two or more nanometer-scale 
components with at least one component being magnetic [56]. These hybrid 
nanocomposites take the advantages of the magnetic nanoparticles such as their 
high surface area, their easy separation under external magnetic fields and their 
excellent recyclability after separation and prevent from their precipitation or 
aggregation due to their tendency to oxidation [57]. Up to date, different MNP have 
been researched by the scientific society. The investigated nanostructures include 
magnetite (Fe3O4), maghemite (𝛾𝛾-Fe2O3) and hematite (𝛼𝛼-Fe2O3). They could be 
functionalized with different materials such as polymers, biomolecules, inorganics, 
organics or carbon nanotubes [57]. This surface functionalization improves the 
homogeneity, selectivity and adsorption capacity of magnetic nanoparticles leading 
to an effective removal of toxic pollutants. Asadi et al. (2020) synthetized the spinel 
ferrites nanoparticles MnFe2O4 and CoFe2O4 to investigate the zinc removal from 
aqueous solution. High respective adsorption capacities of 454.5 and 384.6 mg/g for 
MnFe2O4 and CoFe2O4 were obtained at optimum pH =6, by following the Langmuir 
Isotherm model [58].
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Chapter 5

The Challenge of Water in the 
Sanitary Conditions of the 
Populations Living in the Slums 
of Port-au-Prince: The Case of 
Canaan
Yolette Jérôme, Magline Alexis, David Telcy, Pascal Saffache  
and Evens Emmanuel

Abstract

Haitian cities are more and more prone to demographic growth, which has 
a lasting effect on water distribution infrastructures, as well as those that make 
it possible to clean it up. They are in touch with the growing demand for water, 
but also with the management methods of this resource. Over the past 25 years, 
the enlarged agglomeration of Port-au-Prince, the largest agglomeration in the 
country, has experienced very strong urban expansion with the creation of new 
precarious spaces. The literature reports that Haiti is now more than 64% urban and 
35% of its population lives in the metropolitan area of Port-au-Prince, in the West 
Department. Over the past decade, the footprint of the Port-au-Prince metropolitan 
area has grown by 35%. Recent observations on the formation and development of 
some slums highlight the country’s vulnerability to land-based hazards, which sup-
port this form of urbanization through the emergence of environmental displaced 
persons. Canaan, a human settlement created following the earthquake of January 
12, 2010 by presidential decree, and inhabited by the victims of this event, has a 
deficit in infrastructure and basic urban services. The results of our previous work 
on this territory lead to a much more in-depth reflection on the need to develop 
an index of vulnerability to environmental diseases for the population. In fact, 
most of the households that live there face very precarious situations. The health 
conditions associated with this context expose the population to increased risks of 
disease. The measures taken by families to treat water at home do not seem to limit 
their vulnerability to environmental diseases (infectious and chronic). Improving 
living conditions in Canaan with a view to sustainability therefore underlies major 
challenges. What avenues of intervention should be favored to facilitate a favorable 
development of the population, while taking into account the strong constraints 
that weigh on their daily lives? The objective of this study is precisely to analyze the 
vulnerability of the population to water-borne diseases.

Keywords: slums, vulnerability index, urban precariousness, water and sanitation 
quality, overpopulation, Canaan



Environmental Health

66

1. Introduction

Ensuring a quality water supply to human communities in the North and 
South is an ongoing process [1]. Indeed, water is essential for sustaining life and a 
satisfactory supply of drinking water must be made available to all consumers [2]. 
According to the WHO (2003) [3], 80% of illnesses and deaths among children 
worldwide are due to unsafe drinking water. Kosek et al. [4] note that between 1992 
and 2000, 2.5 million annual deaths in children under five were due to diarrhea. The 
main component of this disease burden being linked to water [5].

For more than four decades, the issue of access to water in quantity and quality 
has never ceased to be raised worldwide. The United Nations, academic institu-
tions, NGOs and governments have shown, through the organization of several 
international conferences, their interest in the global crisis caused by the mismatch 
between available resources and the increase in human, economic and environmen-
tal, as well as pollution due to human actions and global changes. Indeed, the first 
international conference on water, held in Mar del Plata (Argentina) from March 14 
to 25, 1977, had a major impact on dialog at the global level and on the development 
of United Nations programs. It led to the International Drinking Water Supply and 
Sanitation Decade (1981–1990), which, among other things, aimed to reduce the 
incidence of water-related diseases.

Many international events and initiatives have followed one another on the 
issue of water - a determinant of health - since the Mar del Plata conference in 1977, 
sometimes under the aegis of the United Nations, sometimes under that of interna-
tional financial institutions, but also within the framework of ad hoc forums where 
multinationals and their supporters played a preponderant role [6]. In January 1992, 
the International Conference on Water and the Environment in Dublin made an 
alarming observation: the world water situation is in danger, fresh water is scarce 
and its use must be done with consideration [7]. This observation was taken up at 
the Rio Earth Summit in 1992 and was the subject of chapter 18 of Agenda 21 estab-
lished at the time (“Protection of freshwater resources and their quality: application 
of integrated approaches to in value, management and use of water resources”).

The adoption of the Millennium Development Goals (MDGs) from the United 
Nations Millennium Declaration [8] embraced a vision of the world in which 
developed and developing countries would fight together against poverty. At 
the signing of the said declaration, the number of people without access to safe 
drinking water and improved sanitation facilities around the world was alarming: 
1.1 (or 17% of the world population) and 2.4 billion, respectively [9]. The majority 
reside in precarious neighborhoods, especially in countries without running water 
and adequate sanitation systems, and mainly use traditional methods for their 
provision [10–12].

Among the MDG goals, target 7 (c) aimed to halve, by 2015, the percentage of 
the population without access to safe drinking water and basic sanitation services. 
WHO/UNICEF [13] report that in 2010, the global MDG target for drinking water 
was reached in 2010. According to this report [13]: (i) 91% of the world population 
used 2010 improved water point; (ii) 96% of the world’s urban population uses 
improved water points compared to 84% in rural areas; (iii) in 2015, 663 million 
people still do not have access to water points. Improved water supply; (iv) 2.4 
billion people still do not have improved sanitation facilities.

The PNUD [14] reports “beyond the issue of water supply for personal and 
domestic use, the lack of safe water and sanitation infrastructure is also a leading 
causes of poverty and malnutrition, and insecure water supplies linked to climate 
change threaten to increase the number of people affected by malnutrition, which is 
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expected to reach between 75 and 125 million by 2080”. This analysis is of particular 
concern to the human settlement of CANAAN. This slum constitutes in itself a 
particular epidemiological environment, where the absence of collective collection 
of solid waste, of drainage of domestic wastewater and the consumption of water 
of non-guaranteed quality promotes the circulation of pathogenic germs which con-
stitute risk factors for the health of the population and the environment [15]. The 
objective of this study is to study the challenge of water in the daily sanitary condi-
tions of the populations living in the slums of Canaan. This work revolves around 
two main axes: (i) firstly, urbanization and sanitary conditions (water, sanitation 
and hygiene) in the slums of Port-au-Prince are addressed; (ii) the second axis 
traces the history of Canaan, a shanty town built in a drought-stricken area.

2.  The sanitary conditions of the slums of Port-au-Prince in the face of 
morbidity due to water, sanitation and hygiene

2.1 Urban socio-spatial organization of Port-au-Prince

Port-au-Prince is the political and economic capital of the Republic of Haiti. It 
is, according to Millian and Tamru [16], “a town founded on an exceptional site, 
between sea and hill: the bay of Gonâve and the foothills of the Selle chain, sur-
rounded by two fertile agricultural plains, that of Cul-de-sac and that of Léogâne. 
The map of the Republic of Haiti is presented in Figure 1. Despite these favorable 
geographical conditions, the city suffers from a degraded environment: few green 
spaces, urbanization of the hillsides, polluted coastline occupied by unsanitary 
neighborhoods, poor quality of the building, generalization of precarious housing”. 
Port-au-Prince testified and still testifies today to the symptom of urban macro-
cephaly which characterizes certain under-urbanized countries. In the Haitian 

Figure 1. 
Map of the Republic of Haiti - (map: Reprinting with permission of CNIGS-Haiti).
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universe, this city has long been seen as an island of urban civilization, in a largely 
rural space [17]. There was Port-au-Prince and there was, as Barthélémy [18] put it, 
“the land outside”.

Between 1950 and 1982, the population of the city of Port-au-Prince increased 
from 143,534 inhabitants to 719,517 inhabitants [18]. In fact, in order to attract 
foreign capital and promote the establishment of subcontracting industries, the 
Haitian State began during the second half of the decade 1970–1980, a process 
of liberalization of the economy [19]. Centralized largely in the Metropolitan 
Region of Port-au-Prince (RMPP), this process has, among other things, led to a 
significant displacement of the country’s rural population to the urban space of 
Port-au-Prince [20]. If the census metropolitan area includes the following six 
cities: Port-au-Prince, Delmas, Cité Soleil, Tabarre, Carrefour and Pétion-Ville, 
public urban planning bodies speak more of eight Communes (adding Kenscoff 
and Croix- des-Bouquets to the previous six), when they deal with the metropolitan 
area of Port-au-Prince [21]. In 2015, the city’s population was estimated at 987,310 
inhabitants, with the metropolitan area estimated at 2,618,894 inhabitants [22]. 
At the turn of the new millennium, the Haitian capital spread out in all directions, 
without a comprehensive development policy, and its inhabitants are mostly poor or 
impoverished (workers and soldiers made redundant, pensioners without means) 
[16]. The evolution of the urban task of Port-au-Prince between 1980 and 2016 is 
presented in Figure 2.

The great attractiveness of the capital for rural populations causes deep urban 
changes (unprecedented spatial extension, densification and degradation of the 
existing urban fabric) and an aggravation of the problems facing the Haitian 
metropolis [23]. The socio-spatial modifications characterizing the urban organi-
zation of precarious neighborhoods in Port-au-Prince can be summed up perfectly 
in the definition of the five levels or dimensions of precariousness in the slums: 

Figure 2. 
The evolution of the urban task of Port-au-Prince between 1980 and 2016 [16] - (map: Reprinting with 
permission of authors).
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“(i) physical precariousness, which highlights the environmental dangers due to 
the very location of the neighborhoods (presence of ravines, swamps, rubbish, 
etc. (ii) environmental precariousness, which results from the absence of basic 
services (drinking water, sanitation, elimination of excreta) and the resulting 
health risks. (iii) land insecurity, which highlights the invasion of land by popula-
tions who are not legally the owners. (iv) economic insecurity, because the level of 
poverty is generally very high. (v) social precariousness, insofar as the inhabitants 
of precarious neighborhoods are hardly recognized by the public authorities” [24].

2.2 Sustainable access to safe water supply and basic sanitation services

In the joint WHO/UNICEF [13] water and sanitation monitoring program, 
safe drinking water and basic sanitation are defined as follows: (a) drinking water 
means water used for domestic purposes, drinking, cooking and personal hygiene; 
(b) access to drinking water means that the source is located less than one kilometer 
from the place of its use and that it is possible to obtain regularly at least 20 liters 
of water per inhabitant and per day; (c) drinking water is water with microbial, 
chemical and physical characteristics that meet WHO guidelines or national stan-
dards for the quality of drinking water; (d) access to drinking water is indicated by 
the proportion of people using improved drinking water sources: home connection; 
public standpipes; sounding holes; protected wells; protected sources; rainwater; 
and (e) basic sanitation is the least expensive technology that ensures hygienic 
disposal of black and gray water, as well as a clean and healthy living environment 
both at home and in the vicinity of users. Access to basic sanitation services includes 
safety and privacy in the use of these services. The coverage shows the propor-
tion of people using improved sanitation services: connection to a public sewer; 
connection to a septic tank; flush latrine; simple pit latrine; improved latrine with 
self-ventilated pit.

2.3  Access to water in the slums and the prevalence of water-borne diseases in 
Port-au-Prince

Dynamic, regional and global pressures, such as climate change, population 
growth and the degradation of urban infrastructure that cities are undergoing 
today, are causing water scarcity, making it difficult to manage water effectively. 
Resource [25]. This situation deprives the populations of the slums of this vital 
element. The increase in demand for water and the increase in pollution of aquatic 
ecosystems - two situations resulting from accelerated urbanization - make regional 
disparities, as well as socio-spatial inequalities more and more visible [26] and make 
access to water one of the major challenges for humanity [27]. Developing countries 
are the most affected by massive urbanization. Today, 1 billion people live in the 
slums, the most deprived are deprived of drinking water and sanitation, the cities 
then turning into “real health bombs” [28].

Cities are always born and develop near water, which is necessary for the biologi-
cal and economic life of any community. However, for many years the countries 
of the North as well as those of the South have been confronted with an increasing 
speed of urbanization and a growing population, which leads to an increasingly 
important need for space [29]. In the cities of the South, the services in charge of 
water management are indeed faced with the challenge of accelerated urbanization 
of poverty: despite the fact that socio-economic inequalities and social polarization 
have increased, the heterogeneity of poor households has increased, including the 
increase in socio-economic inequalities and social polarization [30]. In Port-au-
Prince, the water supply rate is less than 50% of the population [31]. The most 
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disadvantaged categories of the population in the RMPP do not have access to water 
under satisfactory or sufficient conditions [32]. These findings allow us to suggest 
that water is no longer the driving force behind the creation of human settlements; 
it seems to become one of the factors of health risks and of crisis or of urban 
violence.

In Haiti, DINEPA, a public institution responsible for executing state policy in 
the drinking water and sanitation sector, is struggling to fulfill its role [33]. In fact, 
Haitian cities, more particularly Port-au-Prince, where the demand for water is 
already high, are increasingly exposed to demographic growth which considerably 
affects water and sanitation infrastructures [15]. The conditions of water supply 
and sanitation, which were already precarious, deteriorated with the earthquake of 
January 12, 2010 [34].

The assessments of the burden of disease associated with poor WASH (Water, 
Sanitation and Hygiene) are 90% dominated by mortality from diarrheal disease 
and acute morbidity [35]. By combining the multiple health effects, some research-
ers and research organizations in the health sciences estimate that unsafe WASH is 
responsible for nearly a tenth of the global burden of disease [36]. Indeed, beyond 
diseases of the fecal-oral cycle, the scientific literature reports several pathologies 
resulting from the chronic effect of exposure to poor-quality WASH [37], particu-
larly diseases chronic associated with chemical contamination of water [38].

According to IHE and ICF [39], “73% of the Haitian population uses an 
improved source of water. Access to an improved source is much more common 
in urban areas than in rural areas (95% versus 60%). 33% of the population has 
improved unshared toilets, mainly cesspools with slabs (21%) and a sanitation 
system connected to a septic tank (9%). It is in urban areas that the proportion of 
the population with access to improved unshared toilets is highest (43% compared 
to 23% in rural areas)”.

In Port-au-Prince, the risk of fecal contamination of the environment is par-
ticularly high. Clusters of fecal coliforms have been found in the water sources used 
to supply the population of the RMPP [40]. A more probable number (MPN) of 
700 fecal coliforms per 100 ml was detected in the groundwater of the Cul-de-Sac 
plain [41]. This aquifer is the largest source of groundwater used by the population 
of the Port-au-Prince region to meet their water needs. These results highlight the 
existence of a bacteriological danger linked to these water resources for the health 
of consumers.

In addition, oocysts of Cryptosporidium parvum, a parasitic protozoan respon-
sible for an infection called cryptosporidiosis, have been detected in surface water, 
in groundwater and in public water fountains [42]. During the cholera epidemic, 
declared in October 2010, Cryptosporidium oocysts ranging from 6 to 233 per 100 L 
of water were detected in water supply points in the RMPP [43]. Cryptosporidiosis 
is responsible in Haiti for 17% of acute diarrhea observed in children under 
2 years of age and 30% of chronic diarrhea in patients infected with HIV [44]. 
Cryptosporidium oocysts are among the pathogens most resistant to conventional 
types of treatment such as chemical disinfection, for example [45]. The comparison 
of statistical data on Cryptosporidium parvum contamination of water resources 
in the City of Port-au-Prince, with those of two other cities (Cap-Haitien [43] and 
Cayes [46]) is presented in Table 1. These studies confirm the need for monitoring 
of the microbiological quality of water, with a view to reducing the morbidity of 
infections linked to the consumption of contaminated water.

In Haiti, the basement is primarily limestone [47]. Figure 3 presents the gen-
eral geology map of the country [48]. The northern watershed of the Massif de la 
Selle, the highest chain in the Republic of Haiti with an altitude of more than 2000 
meters, is abundantly watered by rainwater [47, 49, 50].
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This basin is of interest for the water resources of Port-au-Prince, it contains 
intensely fractured limestone, allowing the storage and circulation of underground 
water. It follows that this is a major aquifer, a real potential water tower for the 
RMPP [41]. The geological section of the northern watershed of the Massif de la 
Selle is shown in Figure 4 [47]. The predominance of limestone in the geology of 
this aquifer increases the hardness of these water resources. The work carried out on 
the surface and underground water resources exploited, to supply the population of 
the Metropolitan Region of Port-au-Prince (RMPP), revealed a total hardness above 
200 mg/L with concentrations in Mg2+ less than 7 mg/L [41, 51].

Studies on the health effects of hardness have shown that a total hardness 
concentration greater than 200 mg/L with a magnesium concentration less than 
7 mg/L could affect various organs, including cardiovascular physiology [52]. 
At very high concentrations, calcium can negatively impact the absorption of 
other essential minerals for the body, in particular magnesium which is the agent 
of protection against the calcification of soft tissues due to myocytes [53]. The 
beneficial effects of water hardness in karst regions come from magnesium. Its 
deficiency could accelerate the development of atherosclerosis and the induction 
of platelet aggregation, thus promoting myocardial infarction and cerebrovascular 
pathologies [54]. The low Mg2+ concentration measured in the water resources 
of the RMPP may generate health risks for consumers exposed to the influence of 

City Mean Minimum Maximum Standard 
deviation

n References

Cap-Haïtien 5053 3583 6088 1095 4 [43]

Cayes 28 3 63 25 5 [46]

Port-au-Prince 64 6 233 68 12 [43]

Table 1. 
Statistical data on Cryptosporidium parvum contamination of water resources in 3 large cities of Haiti.

Figure 3. 
Geological map of the Republic of Haiti [48] - (map: Reprinting with permission of authors).
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Figure 5. 
Map of the Cul-de-sac plain [62] - (map: Reprinting with permission of authors).

geological and environmental factors. In Haiti, cardiovascular diseases have been 
placed for several years among the ten (10) leading causes of morbidity in the 
country [55]. In 2016, 29% of registered deaths were due to cardiovascular diseases 
[56]; this percentage was 57% for 2018 [57].

Fluorine concentrations ranging from 0 to 1.92 mg/L were measured in the 
resources of the RMPP. This concentration is distributed up to 1 mg/L in carbonate 
aquifers and from 1.00 to 1.92 mg/L in sedimentary formations [58]. This variation 
in fluorine can cause health problems, such as tooth decay in people (especially 
children) living in areas dominated by carbonate aquifers and fluorosis in people 
living in areas dominated by sedimentary formations [58].

Figure 4. 
Geological section of the massif de la Selle [47].
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The salt contamination of the coastal aquifer of the Plaine du Cul-de-Sac 
(Figure 5) was investigated. According to Gonfiantini and Simonot [59], the 
salinity of these groundwater is the result of seawater intrusion following intensive 
exploitation. Between 1988 and 1999, the salinity of these waters increased by 246% 
[60]. Saline contamination of groundwater is manifested by a high concentration 
of chlorides, which is associated with dissolved solids and conductivity values in 
groundwater [61]. At chloride levels greater than or equal to 700 mg/L, salinity can 
cause problems with pregnancy toxemia or preeclampsia in pregnant women and 
high blood pressure [2].

Studies have shown the impact of urban pollutants on the physico-chemical 
quality of groundwater in the Plaine du Cul-de-sac [62]. Lead (40 to 90 μg / L), 
nickel (15 to 250 μg / L) and Cr (18 to 470 μg/L) concentrations were measured 
in boreholes in the Plaine du Cul-de-Sac [41, 63]. These values are well above the 
thresholds recommended by the World Health Organization (WHO) for water 
intended for human consumption [2]. The behavior of heavy metals (Pb, Cu and 
Cd) during their transfer into the slick was studied. The conclusions made it pos-
sible to understand that cadmium poses many more problems than lead and copper, 
by comparing their affinity to soil (Pb2 + > Cu2 + > Cd2 +) [64].

3. Canaan: a shanty town built in a drought-stricken area

3.1  Canaan: a new human settlement in the environmental and urban context of 
Haiti

The Republic of Haiti occupies the western part of the island of Hispaniola, the 
eastern part of which constitutes the Dominican Republic (Figure 6). It is located at 
the border of two tectonic plates, the North American plate and the Caribbean plate 
(Figure 7). The country is also on the path of tropical cyclones that originate in the 
Atlantic Ocean. Like the other territories of the Caribbean, the country is exposed 
to natural hazards and its history bears witness to these events. Between 1986 
and 2016, Haiti recorded several major environmental events (floods, droughts, 
cyclones and the magnitude 7.2 earthquake on the Richter scale of January 2010).

The environmental and human damage generated by its natural disasters, more 
particularly that of the earthquake of January 12, 2010, has been the subject of 
several studies reported in the literature. Indeed, “in the history of urban disasters, 
the earthquake of January 12, 2010 occupies a special place. Not only in view of the 

Figure 6. 
Topographic map of the island of Hispaniola (Haiti and Dominican Republic). https://simple.wikipedia.org/
wiki/Hispaniola.
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extent of the losses and damage caused, but also of the lessons that can be drawn 
from them in terms of spatial diagnosis and land use planning. Understanding 
what happened to guard against a bereavement as immense as that caused by the 
300,000 deaths in 2010 is a civic duty and an obligation of the state” [65]. Ribordy 
et al. [66] argue, “the risks engendered by nature and by human activity have 
accompanied humanity since its origins. In addition to the direct impact of these 
events on the life of the population, it seems appropriate to retain the intangible 
impacts (which, in the current state of knowledge, are not translated into mon-
etary terms) such as the degradation of natural environments. and the loss of 
irreplaceable goods such as heritage”, but also the displacement and relocation of 
inhabitants as well as the increase in the process of urban sprawl [15]. Caught in 
the paradox of urbanization, the earthquake of January 12, 2010 raises many ques-
tions in the scientific community. Why are urban environments the most exposed 
today to the consequences of natural disasters? How can we understand that 
contemporary urbanization is intensifying despite the multiplication of disasters 
and the limits of management efforts [67]? How and why does the disaster produce 
new urban areas at risk or new vulnerable urban areas likely to contribute to new 
crises [68]? […].

Answering these questions requires returning to the very concepts of urbaniza-
tion, of the rural exodus which is one of the factors of slum development, as well as 
the function of land use planning in the structuring of human population in Haitian 
cities. Among the multiple causes of the rural exodus, the migrant’s search for a bet-
ter standard of living should be put in the forefront [69]. The absence of an urban 
planning and viable housing policy, as well as the non-implementation of land use 
plans, when they exist, gives free rein to the anarchic development of cities. In fact, 
in the growth of Haitian cities, precarious slum-type housing has always prevailed. 
For 11,700 hectares urbanized at the end of the 20th century, Port-au-Prince had 
1,802 shanty-town hectares [70]. In Port-au-Prince, “uncontrolled urban sprawl 
is, along with population growth, a powerful factor of vulnerability to so-called 
natural hazards. He played a major role in the process of producing vulnerabilities 
that contributed to the transformation of the hazards of the 2000s in Haiti into 
real crises linked to major disasters. These catastrophes were crises within the 
crisis” [68].

Figure 7. 
Map of the north American - Caribbean tectonic plate boundary. https://www.usgs.gov/media/images/
map-north-american-caribbean-tectonic-plate-boundary.
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According to Gubry [69], “urbanization is in a way a culmination of ongoing 
economic processes, both those which are part of a development logic, and those 
which result from the destructuring of rural societies. In addition, urbanization 
often causes an exacerbation of conflicts between the population and its environ-
ment. The importance of the subject will be noted, insofar as the strongest urban 
growth is to be expected in the countries which are probably the most deprived of 
the means to cope with it. The urban environment often deteriorates in developing 
countries as a result of the low standard of living of the population, itself linked to 
unemployment. Municipal resources are very insufficient to maintain the quality 
of life: lack of sewerage system, inadequate water supply and garbage collection 
system, resulting in groundwater pollution; proliferation of pests (rodents, insects, 
bacteria, etc.)” [69].

In the cities of the South, demographic growth causes heterogeneity of poor 
households to various forms of lumpenproletariat in addition to socioeconomic 
inequalities and increased social polarization [30]. Beyond these anthropogenic 
phenomena and their socioeconomic consequences, it seems appropriate, in the 
specific case of Haitian cities, to take into account the marked mode of disaster 
management, according to Desse et al. [68] by “the absence of good coordination 
between numerous actors within the framework of what we will call humanitarian 
supervision. Popular strategies of rehousing or access to housing then developed 
after the catastrophes, hence the pressure on the peri-urban belts. Indeed, all the 
imbalances suffered by Haitian cities come from their risky growth. The poor 
occupation of space and the environmental degradation it induces are at the basis of 
the production of vulnerabilities that have contributed to disasters”.

It is in this environmental context characterized, among other things, by an 
absence of an urban development policy exposed by the earthquake of January 
12, 2010 that the human settlement Canaan was founded. The first CANAAN 
occupants occupied the premises during the first months following the earthquake, 
ie February/March 2010 [70]. As of April 2010, Canaan lacked basic urban infra-
structure such as water, sanitation, and electricity [15]. The situation of Canaan 
is, however, particularly critical because of the characteristics of the site and the 
circumstances which led to its rapid settlement.

3.2 Canaan: its creation and its history

The 2010 earthquake was the founding element of many camps established in 
the metropolitan region of Port-au-Prince while waiting for the issue of the home-
less due to the destruction of numerous housing losses to be addressed, and for the 
right to living in a viable space is applied. The omnipresence of camps throughout 
the devastated region highlights an often hidden population in Haiti with a major 
component, that of the poorest. Inside the camps - places of waiting - there is a 
diversity of people among whom their houses had been destroyed, others coming 
from disadvantaged neighborhoods and who found in the camps of better living 
conditions [71].

Canaan is located in the far north of the Metropolitan Region of Port-au-Prince 
(RMPP), about 18 km from the city center, precisely on a house formerly called 
Corail Cesselesse, in the communal section of Varreux II, Municipality of the Croix-
des-Bouquets. Before 2010, this vast virgin and arid space housed a few peasant 
families who practiced animal husbandry. For more than 250,000 people, this space 
has accommodated informally, outside of any urban planning. This dry and hot 
region with low rainfall (on average 900 mm/year) was declared a public utility 
area in 1971 with a view to tourist development [72]. Among others, private projects 
of great importance were considered as part of a master plan for the development 
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of the North Pole. Canaan was the subject of another declaration of public utility 
published in the Official Journal le Moniteur of March 22, 2010 for the purpose of 
relocating the victims of the earthquake. This decision first appears to provide a 
solution to emergency needs following the numerous housing losses and under the 
weight of land pressure facing the metropolitan region of Port-au-Prince (RMPP). 
However, previous initiatives never went beyond the project framework for several 
reasons, including lack of political will for follow-up, lack of funding and the com-
plexity of the land issue. Since then, this space has experienced rapid development 
with newcomers coming from all over, in search of better living conditions and land 
ownership [73] to constitute a vast informal habitat [71]. As a system of predatory 
land developed, “land speculators” saw the opportunity for cheap land to be valued 
[72]. However, the presidential decree declaring the zone of public utility in its 
article 2 - Monitor of March 22, 2010 - stipulates that “all construction work, road 
boring, subdivision or other exploitation of the land, as well as any transaction or 
real estate alienation”were prohibited there. But over time, the complexity of mak-
ing it a public space given the high rate of compensation that this population would 
claim for their relocations would be far too costly. The geographic coordinates of 
Canaan are 18 ° 38 ‘46 “N, 72 ° 16’ 23” W [74].

3.3 The territory of Canaan: morphology and modes of occupation

Bodson et al. [75] consider that “the recent settlement of the territory of Canaan 
in the communes of Croix des Bouquets, Thomazeau and Cabaret is part of a major 
trend which affects all areas near Port-au -Prince. On the other hand, it constitutes 
a unique phenomenon by the speed of its emergence and by its importance. At 
the beginning of 2010, the territory was almost unoccupied. The trigger for this 
meteoric expansion was the presidential decree of March 22, 2010. It followed a 
very rapid “spontaneous” occupation of the territory”. Figure 8 presents the map of 
Canaan [76].

The very dry climate and the very dispersed plant cover make the territory a 
semi-desert area. Along with the poor vegetation cover, the territory is exposed to 
three major natural environmental risks. Risks related to irregular surface water 
flows and the lack of availability of quality water have been identified, seismic risks 
and risks of landslide and surge of friable tailings [77].

In addition to the natural vulnerabilities of the territory, there were major 
deficiencies in the process of allocating plots and in the organization of services, 
which could not keep up with the accelerated pace of residential construction. 
When the post-earthquake emergency response organizations left, national and 
municipal public authorities did not take over. Besides, could they have done it in 
the face of the speed and enormity of the current phenomenon? In the absence of 
the involvement of national and municipal public authorities, the new inhabit-
ants, in collaboration with numerous private initiatives, have organized them-
selves according to priority emergencies and limitations in the means available. 
Together with the increase in housing, a relatively dense network of streets and 
dirt roads (see map below) has thus developed under the control of “local solidar-
ity” and has emerged with the help of private organizations (Protestant missions, 
Catholic organizations …) a set of initiatives offering fragments of basic services. 
The result is a relatively large and complex urban fabric but private, despite the 
many partial achievements in progress, important basic services to the popula-
tion, in particular as regards the availability of water for the daily needs of the 
population. and treatment of sewage and waste.

This situation is not unique to Canaan. It is found in various forms through-
out the neighborhoods of the wider area of Port-au-Prince. It is nevertheless 
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particularly acute there because of the characteristics of the site and the circum-
stances which led to its rapid settlement. Canaan is a very vulnerable epidemio-
logical environment today. Little is known about living conditions there. It is in 
this perspective that we conducted a survey of a sample of 439 households [15]. 
Carried out within the framework of the research program “Water in the human 
settlements of the future”, of the Center for Research and Support for Urban 
Policies (CRAPU) of the University of Quisqueya, this survey aimed to analyze 
the problems of availability and use of water for households located in Canaan and 
their possible link to the vulnerability of its population to water-borne diseases. 
Households were selected on the basis of a Simple Systematic Sampling (SSS) 
design. This plan had to adjust the sounding pitch to take into account the pecu-
liarities of the terrain and as such must be considered non-standard. The selected 
households are spread over 6 territorial sections of Canaan (11.62% in Canaan 1, 
18.68% in Canaan 2, 38.50% in Canaan 3, 5.01% in Canaan 4, 8.66% in Canaan 5, 
17.54% in Jerusalem and Bellevue). These 6 sections do not cover the whole of the 
territory commonly referred to by Canaan, but include most of the nucleus behind 
the current expansion [15, 75].

3.3.1 Socio-economic characteristics of households

The households appearing in the sample present characteristics similar to those 
highlighted by the ECVMAS 2012 survey [78] for the metropolitan area, but some 
traits are modified due to the contribution massive migration that Canaan has 
experienced since the 2010 earthquake.

Heads of household are on average 42 years old. They are mostly men (60%). 
These figures contrast with the data from ECVMAS 2012 for the metropolitan area 
where the average age of heads of household is 46 and where the proportion of 
women heads of household is 49% [78]. Their level of education is generally slightly 

Figure 8. 
Map of Canaan [76]- (map: Reprinting with permission of authors).
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lower than that observed in the metropolitan area. The vast majority of heads of 
household (98%) live in the household. 72% of these are married or “placed”.

4.56% of the households surveyed nevertheless have a dwelling provided by 
humanitarian aid. The homes are located in plots that are generally larger than 
those in precarious neighborhoods in the metropolitan area. The plots are not 
systematically contiguous. The result is a relatively dispersed residential space in 
contrast to the majority of urbanized spaces in the metropolitan area. Residential 
housing is systematically built on one level. The materials used reflect a very great 
precariousness.

These households have an average of 5.11 people. In the metropolitan area, 
this average is 4.5. There are many under 18 s in the households surveyed: 2.25 on 
average per household, which at least partially explains the difference observed 
compared to the metropolitan area. The household profile thus partially resembles 
the mononuclear family without however excluding the extended family profile. 
The size of the households leads to an overloading of inhabited spaces.

In addition to the overload of occupancy, there are major deficiencies in the 
services directly associated with homes. Toilets are systematically rudimentary or 
non-existent. Private toilets are nevertheless predominant (73%). These are very 
generally located near the inhabited structure or are contiguous to it. Access to 
electricity from city power is limited to 26.7% of the households surveyed.

Solid waste is treated in a very rudimentary manner. Evacuation by truck from 
the town hall is almost non-existent (0.5%). The majority of solid waste is inciner-
ated, most often near the house, but dumping in the ravine or in vacant lots is 
also a common practice (16.6%). In addition, 5.3% of households do not specify 
what to do with their solid waste. In turn, wastewater receives virtually no specific 
treatment. For 87.2% of the households interviewed, wastewater is simply thrown 
outside. 3.2% nonetheless have a canal or ditch to facilitate the evacuation of 
wastewater, while the remaining 9.1% use another system without specifying the 
details.

3.3.2 Problems of water availability and use

How are the problems of availability and use of water addressed in this environ-
ment marked at the same time by semi-desert climatic conditions, by very rapid 
population growth, widespread poverty, rudimentary development of residential 
habitats and degradation? of the environment associated with it? In Canaan, easily 
accessible quality water resources are systematically lacking. The rains there are 
relatively infrequent and flow quickly to the surface in a torrential manner. The 
water in the first levels of the aquifer is salty.

237 water points had been identified, the vast majority of which are located in 
the 6 sectors of the area covered by the survey. For 166 selected households, an 
average of 16% of the household head’s income is devoted to water. For 25% of 
households, the percentage of water weight in monthly income exceeds 24% [15].

3.3.3 Vulnerability to diseases associated with the environment

The vast majority of households settled in Canaan are confronted with 
extremely precarious situations which come from constraints from the natural 
environment, income limitations, installation conditions (land tenure, quality 
housing, lack of infrastructure) and the progressive degradation of the environ-
ment. The health conditions associated with this context have serious shortcomings 
and expose the population to increased risk of disease. The households contacted 
by the survey were affected in various ways by several diseases (diarrhea - 54%; 
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cholera - 3.6%; malaria - 28.9%; typhoid - 19.8%) associated with the modalities 
according to which health relations are managed at the environment.

The occurrences per household of the diseases mentioned were grouped 
together and calibrated into an “index of vulnerability to environmental diseases 
scaled from 0 to 10. The value 0 corresponds to the absence of any “environmental” 
disease in the household considered, taking into account the sector where it is 
located. The value 10 corresponds to a situation where all the households surveyed 
in a sector would have incurred all the diseases considered by the survey. Over 
the entire area covered by the survey, the vulnerability index to “environmental” 
diseases stands at 3.06. The vulnerability index is higher (3.10) in sectors 1, 2, 3 
compared to sectors 4, 5 (2.97). On the other hand, this difference fades as certain 
social-demographic characteristics of households are taken into consideration, 
the quality of drinking water and water for other domestic uses, and the attitude 
towards - with regard to the various uses of water (whether or not to distinguish 
drinking water from other uses), supply systems, certain housing infrastructures, 
additional water treatment.

The vulnerability index to “environmental” diseases is positively correlated 
with the size of households (.16 **), with the proportion of young people under 
18 in the household (.16 **), but more weakly with proportion of women in the 
household (.08). It is also negatively correlated in a very statistically very significant 
way with the quality of drinking water (−.25 **) and with the quality of water 
for other domestic uses (−.22 **). The explicit distinction by households between 
drinking water and water for other domestic uses seems to play an important role 
(F: 9.96, Sig. 002) on the level of vulnerability to environmental diseases. This 
index stands at 2.97 if the distinction is explicit, but rises to 3.32 otherwise. The 
choices of supply systems also seem to have a determining influence on the level of 
vulnerability to environmental diseases. If the drinking water supply is by gallon / 
sachet, the environmental disease vulnerability index is 2.98, but rises to 3.29 when 
using other water supply systems. The F-test (8.54) for the relationship between 
the two variables is statistically very significant (.004). The use of the truck-based 
supply system when it comes to water for other domestic uses also seems to have 
a beneficial, but statistically less precise, effect on vulnerability to environmental 
diseases (F: 3.61 Sig: .058). The environmental disease vulnerability index is 2.99 if 
the truck-based supply system is used, but rises to 3.17 if other supply systems are 
preferred.

Whether it is water for drinking or water for other household uses, a number 
of households resort to water treatment. Do these practices, which are both diverse 
and variable in their application, help reduce the vulnerability of households to 
“environmental” diseases? It should be noted first of all that these practices concern 
a limited percentage of households: 39.2% of households if it is water for drinking 
and 64.7% of households if it is water for other uses. Domestic workers.

With regard to drinking water, recourse to the Aquatab methods - sodium 
hypochlorite tablet - (2.95), water filter (2.91) and “Other” (2.59) seem to pro-
mote a reduction in vulnerability to environmental diseases. It is quite different 
if it comes to the use of sodium hypochlorite in liquid form. In this case, the 
Vulnerability Index increases (3.36) suggesting that this method, as used, makes 
the situation worse.

If it concerns water treatments for other domestic uses, the results of the statisti-
cal analysis are in the same direction as for the treatment of drinking water with 
regard to the System filter and Aquatab methods but are not statistically significant 
(F: 1.52, Sig: .20) for all the categories considered. In addition, the results are 
dominated by the more frequent use of sodium hypochlorite in liquid form, which 
appears to correspond to an increased vulnerability to “environmental” diseases.
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Toilets and their use for the disposal of human excreta can be contaminating 
factors favoring the spread of environmental diseases. According to the survey 
data, the average differences in the index of vulnerability to environmental diseases 
after the methods of disposal of human excreta are not statistically significant. 
However, we should highlight the almost generalized use of private latrines (73% 
of households surveyed) and the higher average level of the index of vulnerability 
to environmental diseases associated with it (3.11), a situation which suggests poor 
conditions on the health plan in the organization and use of private toilets.

The various factors mentioned interact together on the level of vulnerability to 
environmental diseases. Their joint incidence was studied by multiple regression.

All the independent variables retained in the model give rise to statistically 
significant estimates that follow the same logic as that suggested by the bivariate 
analysis. The estimates highlight the vulnerability to environmental diseases of two 
categories of people: those under 18 and women. The quality of the water, whether 
it is drinking water or water for other household uses, contributes to reducing vul-
nerability to environmental diseases. Implicitly, this type of relationship concerns 
two major modes of water supply: the purchase of drinking water by gallon / sachet 
and the delivery of water by truck. These two supply methods are indeed decisive 
for the quality of the water. According to the estimates obtained, they also contrib-
ute directly to the reduction of vulnerability to environmental diseases.

4. Conclusion

Improving living conditions in a sustainable perspective in Canaan presents 
major challenges. What avenues of intervention should be encouraged or prioritized 
to facilitate favorable development for the population while taking into account the 
heavy constraints that weigh on their daily lives? Examination of the data collected 
by the survey opens up some avenues for reflection that could guide interventions in 
the field, including from a short-term perspective.

The methods of integrating households in Canaan compromise the quality of life 
in many aspects: WASH of questionable quality, poor housing, lack or deficiencies 
in infrastructure and / or basic services, lack of treatment of solid and liquid waste, 
serious deficiencies in health infrastructures and their functioning, profound 
degradation of the environment.

In practice, however, local community groups occupy an almost exclusive key 
position in responding to the basic service needs of the populations. A greater 
margin for improving the situation is nevertheless accessible from the involve-
ment of these groups and the mobilization of the local population. However, it is a 
complex challenge to take up because it requires from the population, at the same 
time an awareness of the situation and of the current issues, sustained and system-
atic steps of consultation and decision-making. Organization, mastery of a varied 
range of skills and discipline to promote the best accessible development condi-
tions while minimizing negative external repercussions on the community and the 
environment.

In the current context of scarce resources and the destitution of almost all 
households, many loopholes are likely to arise and remain in this community 
approach. Analysis of the survey data revealed several:

• The non-distinction on the part of many households between drinking water 
and water for other domestic uses,

• the ineffectiveness of home water treatments,
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• the operation of private toilets,

• methods of disposal of wastewater, solid waste and human excreta.

To address these difficulties, targeted interventions to be implemented in 
consultation and with the participation of local communities would benefit from 
being considered.

This is particularly the case for water used by households. Measures taken by 
households to treat water seem unlikely at this stage to even reduce vulnerability to 
environmental diseases. Household training programs would no doubt be appropri-
ate. But the problem could also be corrected at its source by means of systematic 
and controlled treatment of the water delivered by gallons and / or by truck.

Complementary to this systematic and controlled treatment, the density of 
water access points could be intensified. Well coordinated by community groups, 
this operation could also help reduce spatial disparities in water prices for house-
holds. This type of improvement would particularly help to reduce the percentage 
of households not distinguishing between drinking water and water for other 
domestic uses.

A support program for the functional establishment of private washrooms 
would also help reduce the risk of contamination and reduce vulnerability to 
environmental diseases.

It is also important that local health care organizations take into account the 
most vulnerable categories of the population, including young people and women.

In setting up these adjustments, consultation with local groups, their initiative 
and their involvement are essential conditions for success.
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Abstract

Arsenic is ubiquitously present in the earth’s crust. Population across the world gets 
exposed to arsenic mainly through drinking water, responsible for causing diseases like 
hypertension, skin pigmentation, skin lesion, cardiovascular diseases, and even cancer. 
However, arsenic also disturbs the male and female hormone balance in the body, thus, 
interfering with the process of spermatogenesis and oogenesis. This eventually leads 
to infertility in the reproductive system irrespective of gender. Cohort studies have 
revealed that when pregnant women get exposed to arsenic-contaminated water; it 
leads to abortion, preterm birth, and stillbirth. Thus, arsenic contamination from any 
source has a devastating effect on the life of organisms and also on the environment.

Keywords: arsenic, stillbirth, groundwater, testosterone, estrogen, endocrine 
disruptor

1. Introduction

Arsenic is one of the major environmental toxicant that is ubiquitously present 
all around the earth’s crust. Arsenic holds the highest ranking concerning toxicity, 
frequency, and potential for human exposure since 1997 on the US Agency for Toxic 
Substances and Disease Registry (ATSDR) substance priority list [1]. Many countries 
are known to be highly contaminated with arsenic like Hungary, Argentina, Chile, 
Mexico, the United States of America, and also Asian countries viz. Bangladesh, 
China, Inner Mongolia, and Taiwan, including India [2]. According to World Health 
Organization (WHO) report, 140 million people from around 50 countries are 
exposed to arsenic through drinking arsenic-contaminated groundwater [3] at a con-
centration of 10 μg/L. Arsenic contamination in the groundwater occurs from natural 
geological sources and also anthropogenic activities [4]. Anthropogenic activities 
include combustion of fossil fuel, mining, utilization of arsenical pesticides, herbi-
cides, and agricultural additives for livestock are responsible for enhancing arsenic 
in groundwater and soil [5]. There are two forms of inorganic arsenic: AsIII and AsV, 
and it is reported that AsIII is the most toxic species [6]. Intake of inorganic arsenic 
induces cancer of the skin, bladder, and lung [7]. Chronic arsenic exposure is reported 
to cause cardiovascular, respiratory, hepatic, hematological, neurological, diabetes, 
and reproductive effects in humans. Studies have reported that arsenic exposure for 
a longer period in animal models induces reproductive toxicity in both males and 
females; characterized by impaired ovarian and testicular steroidogenesis, alteration 
of tissue architecture, and cessation of spermatogenesis and folliculogenesis [8].
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2. Chemistry of arsenic

In the natural environment, arsenic shows diverse chemical behavior. Arsenic 
has the potential to readily change oxidation state and bonding configuration, 
producing inorganic and organic forms [9]. In the periodic table, arsenic is in the 
33rd position of the periodic table, secures a position in Group 15, being a member 
of the nitrogen family. The atomic number of arsenic is 33 and its atomic weight is 
74.921, thus it is heavier than iron, nickel, and manganese but lighter than silver, 
lead or gold. The electronic configuration of the stable form of arsenic, As (0) is: 
1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p3. There exist four oxidation states of arsenic viz. arsines 
and methyl arsines, elemental arsenic, arsenite, and arsenate, the inorganic form of 
arsenic is highly lethal and mobile in the atmosphere compared to the organic form. 
Arsenite is found to be 10 times more poisonous than arsenate [10].

3. Global scenario of arsenic contamination

Arsenic is a matter of global concern because of its adverse health effects. 
Arsenic is widespread at a high concentration in the groundwater throughout the 
world: Asia (Bangladesh, China, India, Inner Mongolia, and Taiwan), Europe 
(Hungary), and the Americas viz. Argentina, Chile, Mexico, and the northeast and 
western United States of America [2]. It was reported that about 150 million people 
across the world were affected by arsenic and the number is increasing as newly 
affected areas are discovered continuously [11]. In 2019, the number of affected 
people has increased to 500 million around the globe [12].

4. Sources of contamination

The establishment of a stable society largely depends upon the availability of 
safe and reliable water bodies. In the recent world, due to numerous anthropogenic 
actions, water bodies are contaminated with heavy metals like arsenic [13]. Millions 
of people across the globe are under the threat of arsenic-related diseases. There are 
various routes of arsenic exposure but the major one is through the drinking water 
available from the groundwater [14]. The main reason behind arsenic contamina-
tion in the groundwater may be attributed to both natural and anthropogenic 
activities, producing hazardous effects on health and the environment [11]. In 
developing countries, owing to a huge number of industries, unfortunately, pol-
lute the air due to the generation of various chemicals, of which arsenic is one of 
the most toxic chemicals. The occurrence of arsenic in the air as particulate matter 
is considered to be associated with various diseases [14]. According to the World 
Health Organization guidelines, the recommended level of arsenic in the aquatic 
ecosystem, including drinking water is <10 μg/L and this threshold was chosen 
based on the limits of diagnostic and treatment techniques [15].

According to a recent study by Bundschuh et al. [16] in Latin America, seven 
possible sources of arsenic are being determined and they are as follows:

i. Volcanism and geothermalism

ii. Mining and related activities leads to deposition of natural lixiviation and 
accelerated mobilization from (mostly sulfidic) metal ore

iii. Deposition of coal and their exploitation
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iv. Hydrocarbon reservoirs and water produced during exploitation

v. Transportation of solute and sediment via rivers to the sea

vi. Atmospheric Arsenic through dust and aerosol

vii. Exposure of arsenic through involuntary ingestion and geophagy.

Thus, there are several pathways through which people get exposed to arsenic 
in different regions but the outcome of the exposure is dangerous to both living 
organisms and the environment.

5. Reproductive health

5.1 Arsenic induced reproductive toxicity in human

A study was carried out among the population of Dhaka, Bangladesh;  
consisting of a total number of 192 participants (married women of reproduc-
tive age 15–49 years). From the study, it was observed that the women exposed 

Figure 1. 
Schematic representation of the pathways through which arsenic induces male reproductive toxicity. 
GPx4: glutathione peroxidase, NASP: nuclear autoantigenic sperm protein, HSD11B1: 11β-hydroxysteroid 
dehydrogenase, HSP4AL: heat shock 70 kDa protein 4-like, CABS1: calcium-binding and spermatid-specific 
protein 1, RBP1: retinol-binding protein 1, SAFB1: scaffold attachment factor B1, DNAJA1: DNAJ homolog 
subfamily a member 1, TRIM 28: transcription intermediary factor 1-beta, YBX3: Y-box binding protein 
3, GPD2: glycerol-3-phosphate dehydrogenase, mitochondrial, PRKACA: cAMP-dependent protein kinase 
catalytic subunit alpha, VDAC3: voltage-dependent anion-selective channel protein 3, ACE: angiotensin-
converting enzyme, SMCP: sperm mitochondrial-associated cysteine-rich protein and SPACA1: sperm 
acrosome membrane-associated protein 1.
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to arsenic-contaminated drinking water (>0.05 mg/L) had adverse pregnancy 
outcomes viz. abortion, stillbirth, and preterm birth at a much higher rate than 
the non-exposed (<0.02 mg/L) groups [17]. Another study conducted on 202 
married women in West Bengal, India showed that pregnant women exposed to 
arsenic-contaminated drinking water had a six times higher rate of stillbirth than 
compared to non-exposed pregnant women [18]. According to a cohort study done 
in Bangladesh, comprising of 1458 women, it was observed that arsenic exposure 
is directly proportional to the adverse reproductive and maternal health of the 
exposed women [19]. In the year 2008, a group of researchers reported that drink-
ing arsenic-contaminated water by the woman was associated with a higher risk 
of stillbirth. In this study, the total number of cases studied was n = 30,984 and it 
was conducted in the rural area of Bangladesh [20]. According to a report, there is 
an increase in the rate of arsenic methylation effectiveness and total arsenic con-
tent of urine in pregnant women (n = 1613) of Bangladesh. The samples (urine) 
were collected at two prenatal time periods: first at 4–16 weeks and the second at 
21–37 weeks of pregnancy [21]. Arsenic is a well-known toxicant and a prospective 
study was taken up from two studies conducted in Matlab, Bangladesh. This study 
included 809 girls who participated at the age of their menarche and had a previ-
ous report of prenatal exposure to arsenic via the tube well water that was used by 

Figure 2. 
Schematic overview of arsenic induced reproductive toxicity in female.
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their mother during pregnancy. The outcome of the study is that girls prenatally 
exposed to arsenic have delayed menarche, indicating endocrine disruption 
that eventually may impair the total reproductive system [22]. Arsenic exerts its 
 toxicity by following different pathways as detailed in Figures 1 and 2.

5.2 Arsenic mediated toxicity in animal models

5.2.1 Toxicological implications in the male reproductive system

Chemical Animal 
model

Treatment Observation Reference

Arsenic Swiss 
albino mice

Arsenic was 
administered at a 
concentration of 30 
and 40 mg/L for a 
period of 30, 45, and 
60 days via drinking 
water.

The results showed a relative decline in the 
testicular weight in experimental animals, 
with dose-dependent gradual diminution 
in seminiferous tubule diameter and 
gametogenic cell population. Leydig cell 
atrophy increased in the arsenic exposed 
groups, indicating the ill effects of arsenic 
on spermatogenesis.

[23]

Arsenic Swiss 
albino mice

The experimental 
animals were 
exposed to arsenic 
at a level of 53.39, 
133.47, 266.95, and 
533.90 μmol/L for 
35 days through 
drinking water.

The results revealed that at the lower doses 
(53.39, 133.47, and 266.95) μmol/L, the 
sperm count, motility, and morphological 
abnormalities are similar to the control 
group. However, at the highest dose, i.e., 
533.90 μmol/L, a sharp decline in sperm 
count and motility, along with abnormal 
sperm cells was evident.

[24]

Arsenic Swiss 
albino mice

Mice were treated 
with 53.39 μmol/L 
sodium arsenite 
(4 ppm As) via 
drinking water for 
365 days.

A marked decrease in the absolute and 
relative testicular weight was observed. The 
sperm count, motility was decreased upon 
arsenic exposure while there is an increment 
in abnormal sperm. The long-term arsenic 
exposure decreased the activities of 
marker testicular enzymes such as sorbitol 
dehydrogenase, acid phosphatase, and 
17β-hydroxysteroid dehydrogenase (17β-
HSD), but those of lactate dehydrogenase 
and, y-glutamyl transpeptidase (y-GT) 
were significantly increased.

[25]

Arsenic Rat Arsenic (sodium 
arsenite) treatment 
of 5 mg/L through 
drinking water was 
given for 4 weeks

The results indicated decreased testicular 
weights, accessory sex organ weight, and 
low sperm count, as well as degeneration 
of a wide variety of germ cells at the 7th 
stage of the spermatogenic cycle.

[26]

Arsenic Mice Mice received 
arsenic (arsenic 
trioxide) through 
oral gavage daily at a 
level of 3 and 4 mg/
kg BW for 56 days.

The study reveals that arsenic treatment 
causes damage to the spermatogonia and 
the testosterone level decreases with an 
increase in the extent of arsenic exposure.

[27]

Arsenic Swiss 
albino mice

Mice were treated 
with arsenic at a 
level of 10, 25, 50, 
100, and 200 ppm 
for 40 days.

Mice treated with arsenic showed a dose-
dependent decline in testosterone level.

[28]



Environmental Health

94

Chemical Animal 
model

Treatment Observation Reference

Arsenic Swiss 
albino mice

Arsenic trioxide 
at a dose of 3 and 
4 mg/kg BW were 
administered orally 
to mice for 8 weeks.

Arsenic treatment causes decreased 
testosterone level and elevated luteinizing 
hormone. This indicated impairment 
of Leydig cells, leading to poor sperm 
production and eventually led to 
infertility in experimental animals.

[29]

Arsenic Sprague-
Dawley rat

Treatment of 
arsenic was given to 
rats (male) at a dose 
of 1, 5, and 25 mg/L 
for 6 months.

Arsenic concentration in serum was 
found to range from 0.18–0.67 μg/
ml, while in testis it was recorded as 
0.35–1.74 μg/ml. This suggests that 
arsenic can pass through the blood-testis 
barrier and accumulate in rat testis, 
causing adverse effects in the male 
reproductive system.
In the present study, five proteins 
(GPX4, HSD11B1, NASP, HSP4AL and 
CABS1) were found to be upregulated 
while five other proteins (SAFB1, 
TRIM28, RBP1, DNAJA1, YBX3) were 
downregulated including one metabolite 
(Allopregnanolone) in response to 
arsenic exposure during spermatogenesis, 
causing impaired spermatogenesis and 
formation of low-quality sperm.
Arsenic treatment represses three 
proteins (VDAC3, PRKACA and GPD2) 
as well as increases the L-tyrosine level, 
causing disruption of protein tyrosine 
phosphorylation, necessary for sperm 
capacitation, leading to inhibition of 
fertilization and male infertility. Arsenic 
exposure also affects fertilization by 
decreasing the expression levels of 
SPACA1, ACE and SMCP in rat testis, 
inhibiting the binding and fusion of 
sperm to egg.
It was observed that the differential 
proteins and metabolites associated with 
male reproduction, was also found to be 
involved in ERK/AKT/NF-κ B pathway. 
The up-regulation of ERK1/2, PI3K, 
AKT, IKKγ and NFKB gene expression, 
alongwith enhanced phosphorylated 
ERK/AKT level in rat testis, it was 
reported that arsenic may induce male 
reproductive toxicity through activated 
ERK/AKT/NF-κ B pathway.

[30]

Arsenic Wistar rats Rats were treated 
with 0.1 and 10 mg/L 
of sodium arsenite 
and sodium arsenate 
daily for 56 days via 
drinking water.

Arsenic treatment showed a dose-
dependent decrease in the sperm-count 
parameters and epididymal morphometry. 
This indicates arsenic exposure causes 
adverse effects to male reproductive 
functions in adult Wistar rats.

[31]

Arsenic Mice The experimental 
animals were treated 
with arsenic trioxide 
at a dosage of 1, 2 and 
4 mg/L via drinking 
water for 60 days.

It was observed that subchronic arsenic 
exposure induces downregulation of 
Ddx3y expressions in the testis and 
epididymis, which may adversely 
affect spermatogenesis, leading to male 
reproductive toxicity.

[32]
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5.2.2 Arsenic mediated toxicity in the female reproductive system

Chemical Animal 
model

Treatment Observation Reference

Arsenic Sprague-
Dawley 
rats

50, 100, and 200 ppm 
of arsenic was 
administered to the 
animals through 
drinking water for 
28 days.

Treatment of arsenic to immature 
rats showed decreased uterine 
diameter and epithelium height. 
The thickness of the endometrium 
and myometrium also got  
reduced.

[32]

Arsenic Albino 
Wistar 
strain rats

10 mg/kg bodyweight 
of arsenic was 
administered orally 
to the experimental 
animals for 8 days.

The study showed reduced 
glutathione peroxidase, superoxide 
dismutase, and catalase activities. 
Treatment of arsenic also induced 
DNA break and necrosis in the 
uterine tissues. Arsenic exposure 
even leads to disruption in the 
steroidogenesis process.

[33]

Arsenic Albino 
Wistar 
strain rats

The experimental 
animals were treated 
with an aqueous 
solution of arsenic 
trioxide at a dose level 
of 3 ppm/rat/day orally.

Serum estradiol level decreased 
due to arsenic exposure. 
Degeneration of Ovarian DNA was 
prominent in the treated groups.

[34]

Arsenic Kunming 
mice

Arsenic is injected 
with distilled water as 
vehicle control to the 
experimental animals 
at a concentration 
of 8 mg/kg per day 
bodyweight on every 
alternate day for 
16 days.

Treatment of arsenic increased 
reactive oxygen species (ROS) 
generation in the ovary of treated 
mice.

[35]

Arsenic Wistar 
albino rats

Three doses 10, 30, 
and 50 μg/L of arsenic 
were administered to 
the mice via drinking 
water for 60 days.

Arsenic exposure disrupted the 
estrous cycle with a prolonged 
diestrous and metestrus phase. An 
increase in many follicular atresia 
was evident from the study.

[36]

Arsenic Sprague-
Dawley 
rats

The experimental 
animals were treated 
with a dose of 4 μg/ml 
per day for 28 days.

The results indicated that 
arsenic exposure disturbed the 
gonadotropins and estradiol 
levels, causing disintegration of 
the luminal epithelial, myometrial 
and stromal cells of the uterus. 
The study also showed that arsenic 
exposure leads to downregulation 
of the downstream components of 
the estrogen signaling pathway.

[37]

Arsenic Albino rats Albino rats were treated 
with arsenic (sodium 
arsenite) at a dose of 
0.4 ppm for 28 days.

The arsenic-treated rats showed 
a prolonged diestrous phase. 
Treatment with arsenic also led 
to a significant diminution of the 
entire uterine diameter. It was also 
evident from the study that the 
endometrium is not well-defined 
and the lumen became narrow and 
unfolded, indicating damage in the 
reproductive system of the female 
upon exposure to arsenic.

[38]
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6. Epigenetic effect of arsenic on reproductive system

Epigenetics is the study of how cells control gene activity without altering the 
DNA sequence. It was reported that arsenic causes hypermethylation of the of the 
p53 gene and thus, gained the attention of the researchers regarding the epigenetic 
effects of arsenic [43]. Exposure to inorganic arsenic is found to be associated with 
epigenetic modifications like gene specific DNA methylation, histone acetylation, 
phosphorylation, methylation and altered expression of miRNAs, which may 
induce carcinogenesis or other diseases [44]. According to a report, arsenic expo-
sure during gestation increases the hypomethylation of active Long Interspersed 
Nuclear Element (LINE) and Long Terminal Repeat (LTR) subfamilies of the 
offspring sperm, causing transgenerational effects. The study indicates that ret-
rotransposon methylomes in the sperm is one of the main targets of arsenic when 
exposed during gestation period [45]. Another study showed that arsenic (As2O3) 
exposure to parents at a dose of 1 mg/L has adverse transgenerational effects on the 
reproductive phenotype in both male and female offspring after attaining maturity, 
which may be due to an altered global DNA methylation pattern in gonadal tis-
sue [46]. Thus the studies indicate that arsenic exposure at the gestation period is 
enough to induce toxicity in the reproductive system of the future generations.

7. Conclusion

Arsenic is a well-documented toxicant available all around the earth’s crust. 
Arsenic has the potential to cause various diseases viz. cardiovascular diseases, 

Chemical Animal 
model

Treatment Observation Reference

Arsenic Wistar rats Sodium arsenite was 
administered at a dose 
of 3 ppm during the 
pre-natal and post-natal 
development.

Arsenic exposure resulted in 
decreased folliculogenesis, the 
morphological characteristic of 
the ovaries were disturbed, and 
modified the adrenocortical cell 
number, causing the delayed onset 
of puberty.

[39]

Arsenic Wistar rats Rats were orally 
administered with 
sodium arsenite 
(0.4 ppm) for two 
time periods—16 and 
28 days.

Arsenic treatment reduced ovarian 
steroidogenic dehydrogenase 
activity. The study also showed 
diminished levels of luteinizing 
hormone, follicle-stimulating 
hormone, and estrogen upon 
exposure to arsenic.

[40, 41]

Arsenic Mice Arsenic (arsenic 
trioxide) was 
administered at a dose 
of 0, 0.2, 2 and 20 ppm 
to the parents from 
35 days before breeding 
and is continued until 
weaning. The female 
offspring received the 
same treatment until 
maturity.

Arsenic trioxide (As2O3) exposure 
at a higher dose in the prenatal 
or parental stage via drinking 
water induces autophagy in the 
ovaries of mature F1-female 
mice via activation of autophagic 
genes (PDK1, TSC2, P13K, P62, 
ATG13, AMPK, ULK1, ATG12, 
ATG5, LC3, Beclin1, ATG3, ATG7 
and p62) and proteins (Beclin1, 
LC3-I, II and mTOR), resulting in 
decreased female gametes number 
as compared to the control.

[42]



97

Impact of Arsenic on Reproductive Health
DOI: http://dx.doi.org/10.5772/intechopen.101141

Author details

Sweety Nath Barbhuiya*, Dharmeswar Barhoi and Sarbani Giri
Laboratory of Cell and Molecular Biology, Department of Life Science and 
Bioinformatics, Assam University, Silchar, Assam, India

*Address all correspondence to: sweetynath91@gmail.com

hypertension, diabetes, skin lesion, and also cancer. So, its presence in the 
environment both in the groundwater or air is very harmful to the livelihood of 
organisms as well as for the atmosphere. Arsenic has the potential to decrease the 
male reproductive hormones like testosterone and may inhibit spermatogenesis. 
It can also adversely affect the folliculogenesis of females by disturbing the female 
monthly cycle. This is brought about by arsenic due to its massive capacity to reduce 
hormone synthesis (follicle stimulating hormone and estrogen). The exposure to 
arsenic in the case of a pregnant woman leads to severe implications like stillbirth, 
preterm birth, and abortion. Thus, sources of arsenic exposure may vary from 
region to region but the ill effects of it are very much prominent and thus, suitable 
techniques and methodologies are to be adopted to reduce the burden of diseases 
associated with arsenic exposure.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 7

Fluoride Content in Drinking 
Water and the Health Implications 
of Fluoride-Rich Water 
Consumption: An Overview  
of the Situation in Canada and 
Nigeria
Ochuko Orakpoghenor, Talatu Patience Markus, 
Meshack Inotu Osagie and Paul Terkende Hambesha

Abstract

Fluoride is an inorganic monatomic anion of fluorine and forms part of essential 
reagents used by the chemical industry. It occurs naturally in several minerals and 
in trace quantities in water. Fluoride has been used to prevent tooth decay and in the 
treatment of osteoporosis. Extensive research has consistently demonstrated the 
safety and effectiveness of fluorides in the prevention of dental caries following 
the practice of water fluoridation. Despite these benefits, fluorides pose danger as 
an endocrine disruptor thus, affecting bones, brain, thyroid gland, pineal gland 
and blood sugar levels. In Canada, water fluoridation remains a contentious issue 
although dental decay constitutes the most common chronic disease. However, 
several Canadians are receiving the benefits of water fluoridation and about 1% 
have access to naturally fluoridated water. In Nigeria, the prevalence of dental caries 
has been documented to be greatly reduced following fluoridation of public water 
supplies in areas where the condition was endemic. Fluoride is therefore the only 
medicine added to public water, and at the recommended level, fluoride is safe and 
effective in the reduction of dental decay and poses no risk for health problems. 
Hence, this article highlighted fluoride content in drinking water and the health 
implications of consuming fluoride-rich water with a focus on the situation in 
Canada and Nigeria.

Keywords: fluoride, water, dental decay, health

1. Introduction

Fluoride, an inorganic monatomic anion, is the simplest anion of fluorine and 
represented by the chemical formula F−. Fluoride salts and minerals are essential 
chemical reagents and industrial chemicals used in the production of hydrogen 
fluoride for fluorocarbons. Fluoride ions occur on earth in several minerals, 
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particularly fluorite, but are only present in trace quantities in water and contribute 
a distinctive bitter taste [1, 2]. Fluoride is added to public drinking water, tooth-
paste and mouthwashes to prevent tooth decay by protecting teeth from bacteria 
in plaque [3–5]. Also, fluoride is taken orally for the treatment of osteoporosis 
as well as for the prevention of bone loss in people with rheumatoid arthritis by 
promoting new bone formation [6]. Since the inception of water fluoridation, 
extensive research has consistently demonstrated the safety and effectiveness of 
fluorides in the prevention of dental caries [7–9]. Furthermore, there has been 
continual monitoring of this scientific literature by the world’s major National and 
International Health Organizations, committees of experts and special councils of 
governments [8].

2. Effects of fluoride in the body (fluorosis)

Many assumption states that consuming fluoride only pose risk on dental health 
[10]. However, fluoride affects many tissues in the body besides the teeth [3]. 
Fluoride has been reported to be an endocrine disruptor that can affect the bones, 
brain, thyroid gland, pineal gland and blood sugar levels. The ability of fluoride to 
cause brain damage constitutes one of the most active areas of fluoride research and 
many studies have demonstrated that fluoride is a neurotoxin (a chemical that can 
damage the brain) [11]. Studies have demonstrated association of fluoride toxicity 
with varieties of health problems including increased lead absorption, disruption 
of collagen synthesis and muscle disorders, hyperactivity and/or lethargy, thyroid 
disease and lowered thyroid function, arthritis, bone fractures and bone cancer 
(osteosarcoma), dementia, genetic damage and cell death, increased cancer rate, 
disruption of the immune system and inhibition of antibodies formation and dam-
age of sperms and increased infertility [3, 11–13].

Most developed countries do not fluoridate their water and countries that fluori-
dated their water do not have less tooth decay than countries that do not fluoridate 
their water [3]. Based on the few data available on fluoride in drinking water, there 
is an established relationship between dental caries and environmental fluoride 
in drinking water [14]. Although with decline in the water supply systems in most 
parts of Nigeria due to increasing human population demand, about 90% of people 
use groundwater (well and borehole) for drinking and other domestic purposes 
[15]. About 40% of American teenagers show visible signs of fluoride overexposure. 
In infants, fluoridated water provides no benefits but only risks. However, swallow-
ing fluoride tablets provides little benefit to the teeth [14].

3. Water fluoridation in Canada

In North America, dental decay constitutes the most common chronic disease 
with over 96% of Canadians being affected [11]. The use of water fluoridation 
for the prevention of tooth decay has been used for over 60 years and is endorsed 
by various organizations, including Health Canada, the Canadian Public Health 
Association, the Canadian Dental Association, the Canadian Medical Association 
and the World Health Organization [3]. Approximately, 42.6% of public water 
supplies in Canada receive water fluoridation [16]. Over 13 million Canadian’s are 
receiving the benefits of water fluoridation, while another 1% (270,000 people) 
has access to naturally fluoridated water [14]. As of 2011, the large Canadian cities 
without water fluoridation were Vancouver, Regina, Montreal and Calgary [4].
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The recommended optimal level of fluoride (0.7 mg/L) [8] is set to promote 
public health benefits of fluoride for preventing tooth decay while minimizing the 
chance for dental fluorosis. The Guidelines for Canadian Drinking Water Quality 
states that the maximum acceptable concentration of fluoride in public water sup-
plies is 1.5 mg/L to protect against health risks from exposure to too much fluoride 
[11]. However, with fluoride levels above 1.5 mg/L over a period of time, the effects 
of fluorosis are observed [8].

Water fluoridation remains a contentious issue in Canada and many communi-
ties chose to fluoridate their water supply [3]. As of 2007, 45.1% of the Canadian 
population had access to fluoridated water supplies [9, 11]. The main argument for 
and against fluoridation have changed very little over the years, with supporters 
(including the World Health Organization and Health Canada) citing evidence 
that shows fluoridation as a safe and effective method of caries prevention, while 
detractors cite high costs and potential health risks [17].

4. Water fuoridation in Nigeria

The mottling and staining of teeth (dental caries) previously believed to be an 
identity of certain ethnic groups or communities in Nigeria has been described to 
be associated with fluorosis [18]. Hence dental caries has extended beyond tribal or 
communal barriers as foreigners that came from far away Asia also showed evi-
dence of this disease condition [15]. From records, the prevalence of dental caries 
was greatly reduced in areas where dental caries was endemic following fluorida-
tion of public water supplies [3]. However in Nigeria, dental caries is endemic 
and epidemic mainly in the North Eastern half of Nigeria both in the crystalline 
basement and sedimentary areas. Also, fluoride values (0.2–8 mg/L) above the 
1.5 mg/L WHO recommended level have been recorded in groundwater in Nigeria 
(Figure 1) [15, 20].

Figure 1. 
Areas with drinking water containing fluoride levels higher than 0.8 ppm in the six geopolitical zones of 
Nigeria [19].
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5. Conclusion

Fluoride is the only medicine added to public water, and water fluoridation 
at the recommended level is safe and effective in the reduction of dental decay 
and poses no risk for health problems. Hence, it will be of public health benefit to 
ascertain that the well-being of the populace is safe guarded by knowing the level 
of fluoride is within the acceptable limit. Also, there should be recommendation for 
compliance with the WHO guidelines to the permissible limit by the policy makers.
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Chapter 8

Sustainable Use of Biochar in 
Environmental Management
Ammal Abukari, Ziblim Abukari Imoro, 
Abubakari Zarouk Imoro and Abudu Ballu Duwiejuah

Abstract

Conversion of agricultural wastes into eco-friendly and low cost biochar is not 
only a smart recycling strategy but a panacea to environmental pollution manage-
ment. Agricultural wastes biochar can be an effective alternative technique for con-
trolling contaminants due to its low cost, high-efficiency, simple to use, ecological 
sustainability and reliability in terms of public safety. Biochars have made substan-
tial breakthroughs in reducing greenhouse gases emissions, reducing soil nutri-
ent leaching, sequester atmospheric carbon into the soil, increasing agricultural 
productivity, and reducing bioavailability of environmental contaminants. Recent 
advances in the understanding of biochars warrant a proper scientific evaluation 
of the relationship between its properties and impact on soil properties, environ-
mental pollutant remediation, plant growth, yield, and resistance to biotic and 
abiotic stresses. The main factors controlling biochar properties include the nature 
of feedstock, heat transfer rate, residence time and pyrolysis temperature. Biochar 
efficacy in pollutants management largely depends on its elemental composition, 
ion-exchange capacity, pore size distribution and surface area, which vary with the 
nature of feedstock, preparation conditions and procedures. The chapter explored 
the possibility of using biochar from agricultural wastes as a suitable alternative for 
the remediation of environmental pollutants, soil conditioning and the long-term 
biochar application in the environment.

Keywords: agricultural waste, biochar, elemental composition, carbon sequestration, 
environmental pollution

1. Introduction

Agricultural waste has been widely studied for at least 6 decades now [1]. This 
waste stream continues to increase in line with agricultural production [2]. This has 
negative impacts on the environment (soil, water and air) and human health [1]. 
Though agriculture accounts for 21% of global greenhouse emissions [1], it is its solid 
waste that is most obvious and an immediate environmental problem. Meanwhile, 
the world is fighting for zero solid waste [3]. Some uses of agriculture waste include; 
the fertilisation of farms through animal manure, the use of agriculture solid 
waste as adsorbents (ie, for heavy metal remediation), production of biochar from 
agricultural waste, use of agricultural waste as animal feed and as heating (energy) 
sources. Renewable energy (biofuels) can also be produced from agriculture waste 
[4]. The reduction in the quantity or total elimination of agricultural solid waste is 



Environmental Health

112

an important consideration in the promotion of environmental health. One viable 
method to safely reduce agricultural solid waste is to convert them into biochar.

Biochar is a carbon-rich by-product produced from the thermochemical con-
version of biomass feedstock under partial or total absence of oxygen (pyrolysis) 
[5]. Principally, biochar is produced through various thermochemical conversion 
methods such as low pyrolysis, fast pyrolysis, and gasification, under different pro-
cess parameters [6]. Biochar production and application has increased significantly 
recently. Significant attention has been given to biochar in relation to agriculture, 
climate, energy and environment [7]. The adsorption capability of biochar can 
largely be accrued to its surface chemistry, specific area, and pore structure [8]. 
Humans over the years have used biochar for various activities due to its naturally 
occurring characteristics like surface functional groups, thermal recalcitrance, 
cation exchange capacity, calorific value, specific surface area, porosity, electrical 
conductivity, volatile contents, fixed carbon and pH [8]. These properties have 
been traversed for numerous beneficial application such as the amendment of soil 
[8]. Due to the continuous increase in food insecurity, greenhouse gases emissions 
and environmental safety demands, biochar in recent years have been linked to 
the development of sustainable agriculture and soil management as well as carbon 
sequestration [9].

Biochar application has proven to be a very favourable method for simultane-
ously solving the numerous multipronged issues. The bioavailability of toxic metals 
in water and soil can be reduced using biochar, hence, biochar aids in subsiding 
toxic metal pollution as well as enhancing the quality of contaminated water and 
soil [9]. Biochar is capable of removing inorganic and organic contaminants due to 
its intrinsic properties and characteristics such as high cation exchange capacity, 
non-carbonised fraction, coupled with high surface area and oxygen-rich func-
tional groups on surface [10].

The emission of greenhouse gases poses a great challenge to the industrial world 
we have today [11]. This has greenhouse gas emissions have a significant adverse 
impact on the environment including air pollution and inducing climate change 
[12]. Industrialisation is required for human perpetuity and development hence 
pollutants generated through the processes cannot stopped, however, it can be 
reduced by replacing toxic substances and polluting compounds with less toxic 
substances that has both political and economic feasibilities [13]. There is the need 
to manage and protect soil, water and air sustainably during large scale agricultural 
practices and massive industrial activities. This can be done through the use of 
biochar which is carbonaceous product of biomass pyrolysis.

Biochar has been widely known for its ability to serve as remediator of contami-
nant, plays a vital role climate change mitigation and bioenergy production. Biochar 
could have an important effect on soil biological and nutritional properties as well 
as greenhouse emissions. It is evident that most of the Sustainable Development 
Goals (SDGs) can be achieved through biochar application and production. It has 
been proven that biochar could be a sustainable solution for numerous problems 
that is putting the earth at risk, hence, much research needs to be carried out on the 
production and application of biochar as one of the most important and beneficial 
steps to take.

1.1 Conversion of agricultural waste into biochar

Most agricultural solid waste can be converted into biochar [14, 15] and there 
are different methods for the production of biochar from this waste stream. These 
include hydrothermal carbonisation [16], gasification and pyrolysis [15]. However, 
pyrolysis is the most used method for the production of biochar [14]. This involves 
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the irreversible thermal decomposition of organic substances at higher tempera-
tures under anoxic conditions. Biochar from pyrolysis can be used as an energy 
source [17] and for soil quality improvements. With the production and use of bio-
char from agricultural waste, a circular economy within the agricultural industry 
can be realised. Besides biochar, pyrolysis also produces volatile liquids and could 
either be slow, fast, flash and intermediate pyrolysis [18]. Slow pyrolysis is usually 
carried out below the temperature of 450 °C [18], at atmospheric pressure [15] and 
takes several hours to complete. A heating rate of 17 °C min−1 may be used [19]. The 
main product of slow pyrolysis is char [18]. Traditional Kilns and special reactors 
(ie, Elsa barrel pyrolyser) are used for slow pyrolysis. The source of feedstock for 
biochar production can influence its quality in terms of environmental safety and 
sustainable use. Thus feedstocks (wastewater sludge, municipal and industrial 
solid wastes, etc) which are potential sources of pollutants (heavy metals, PAHs, 
PCBs, etc) should be avoided. Biochar from these feedstocks can therefore serve as 
secondary pollutants [20] and require further treatment before use.

1.2 Biochar elemental composition

The characteristics and application of a substance is determined by the com-
position and structure of that substance. According to literature the composition 
of biochar is made up of elements such as carbon (C), hydrogen (H), oxygen (O), 
nitrogen (N), sulphur (S), phosphorus (P), potassium (K), calcium (Ca), magne-
sium (Mg), sodium (Na), and silicon (Si). Carbon takes up more 60% of the biochar 
contents followed by H and O. The ash contains mainly the mineral elements [21]. 
The C found in biochar is aromatic carbon which are in irregular piles or stack of 
stable aromatic rings [22]. Different variants of carbon compounds most likely con-
sists of alcohols, fatty acids, phenols, esters, humic acid and fulvic acid. Relatively, 
humic acid and fulvic acids are found in fresh biochar, livestock manure biochar 
and low temperature pyrolytic biochar [23]. Biochars within a C-N heterocyclic 
structure have nitrogen to be largely present on the surface and the available N is 
very low in biochar [9]. Phosphorus is relatively low in biochar. The availability of P 
greatly varies, and has a negative correlation with carbonisation temperature. This 
differences may be as a result of high pH value and phosphates containing Ca and 
Mg formed during carbonisation processes [24, 25]. The contents of K, Ca, Mg, and 
Na is largely dependent on the type of biochar. Low-valence metal ions such as K 
and Na are more available than the high-valence metal ions such as Al, Ca, and Mg 
in biochar. In general, the elemental composition and activity of biochar are related 
to raw materials, conditions of carbonisation process and pH [24].

Biochar’s mineral component has been given less attention as compared to 
carbon. Current studies suggested that minerals biochar can significantly impact 
biochar attributes, hence affecting its use either directly or indirectly. According 
to literature Mg, Ca, K, and P in biochar can become a direct source of mineral 
nutrients thus promoting plant growth attributes and anions including CO3

2−, 
OH−, SO4

2− and PO4
3− leached from biochar are largely significant in eliminating 

toxic metals through the formation of metal precipitates [26]. Mineral components 
and carbon of biochar contribute significantly to the removal of toxic metals from 
solutions [26]. Biochar contain sulphur are much more efficient in making complex 
surfaces and could be useful in heavy metal removal from contaminated water. The 
porosity and surface area of biochars are important physical features which affects 
the adsorption of heavy metals capability from water. In terms of environmental 
application, molar ratios (i.e. O/C and H/C) are important factors that plays signifi-
cant roles in determining interface interactions between the surface of the biochar 
and target matrices [27]. The meso-porous and macro structure of biochars derived 
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from plants are known to be reliant on the intrinsic makeup of the feedstock, which 
is very vital for determining pollutant adsorptive and water-holding capacity in soil 
and solution systems [28]. A well-developed pore structure of biochars that consist 
of stable aliphatic chain structure, and high mineral content [29], have the poten-
tial to control water pollution, mitigate greenhouse gas emissions, and remediate 
soils [30]. The potential to utilise biochar for various applications is related to its 
properties.

Biochar with high porosity and plenty of liming and fertiliser-related elements 
(such as N, P and K) is preferred for improving soil properties [31]. A study con-
ducted by [32] also indicated that the innate minerals of biomass could affect biochar 
properties significantly through interaction with its organic contents during pyrolysis 
process. However, removal of these intrinsic minerals before the pyrolysis process 
could significantly increase the optimum pyrolysis temperature (370 vs. 350 °C) 
required for the conversion of the biomass into biochar, as compared to untouched 
biomass. Interestingly, about 30.1% of C content of biomass could be secluded 
into biochar when there are no inherent biomass materials, simultaneously, lower 
amounts of low-molecular-weight organic compounds would be emitted during 
pyrolysis [32]. Therefore, the type and amount of minerals in biomass must be 
optimised according to the intended environmental application of biochar.

1.3 Role of biochar in pollution management

The continuous increase in the world population has cause an accompanying 
increase in anthropogenic polluting activities. This situation has caused several 
problems including global increments in atmospheric temperatures, droughts, 
floods, acid rains and increments in the spread of diseases. Effective and afford-
able solutions to these problems are yet to be arrived at. Biochar has been found to 
possess the potential to directly and indirectly alleviate the occurrences and effects 
of these problems. It uses are broad and includes the removal of pollutants (organic 
and inorganic) from wastewater [33]. Biochar have used been to remove antibiotics 
from wastewaters. Heavy metals (Cu, Pb, Ni, Cd) [34] and nutrients (nitrogen and 
phosphorus) [35] in wastewater have also been removed with biochar. Biochar can 
be used to either replace or augment sand filters in wastewater treatment because of 
its ability to remove particulate matter and pollutants such as pathogens [16]. It has 
also been used for chemical oxygen demand (COD) removal efficiency of 74 ± 18% 
was recorded in a treatment process [36].

The environment or surrounding systems are often degraded by contaminants 
discharged from residential, commercial and industrial sources. Literature reveals 
that soil and water media are more affected by both organic and inorganic contami-
nants in an ecosystem which is largely the cause of anthropogenic activities. Over 
the years, there is a rapid increase in technological advancement in soil and water 
remediation. One of the most paramount technologies is the reduction of bioavail-
able contaminants which would in turn lead to a significant decrease in the accumu-
lation of toxic substance in plants and animals.

Materials that are carbonaceous have been adopted as sorbents for organic and 
inorganic contaminants in soil and water for a very long time now [37]. The multi-
functional properties of biochar showed the potential as a sorbent for organic and 
inorganic contaminants in soil and water. The greatest concern of organic contami-
nants such as pesticides, herbicides, polycyclic aromatic hydrocarbons, dyes, and 
antibiotics have been a concern due to its toxicity and accumulative properties [38]. 
In the soil medium, biochar has been used for heavy metal sequestration [39, 40]. In 
this process, heavy metals are immobilised not removed and maybe converted into 
hydroxide, carbonate, and phosphate precipitates [40]. Sequestration of pesticides 
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from polluted soils [15] and carbon sequestration (climate change mitigation 
measure) have also been achieved in soils amended with biochar [15]. In recent 
years biochar has become a focus for most researchers in the field of soil environ-
ment due its increasing potential to serve as carbon sinks, reducing greenhouse gas 
emissions, reducing the pressure on the burning of stray and finally remediating 
contaminated soil.

Properties of biochar such carbonaceous materials, degree of aromatization, 
elemental composition, pH, pore structure, surface chemistry, etc., plays vital roles 
in its ability to adsorb organic pollutants [41]. Biochar therefore reduces CO2 emis-
sions into the atmosphere [39]. The indiscriminate exploitation of natural resources 
and the rapid growth of environmental destruction resulting from anthropogenic 
activities have already posed a burden on efforts to sustain natural environment. 
Biochar’s uses also includes the neutralisation of acidic soils and this is because of 
its calcium and magnesium carbonate contents [39] and ability to elevate pH [40]. 
Reducing acidity may however negatively affect acid loving worms and fungi in the 
soil environment [42]. Moreover, biochar can be used to enhance the biodegrada-
tion of organic pollutants because of the availability of suitable surfaces for micro-
bial attachments [40] and the introduction of nutrients such as N, P and K [20]. In 
anaerobic digesters, biochar has been used to limit the effect of NH4

+ [43] and may 
as well be used as buffering agents in these digesters [44].

Biochar has also been found to have many uses in air quality improvements. 
It has been used to control the release of air pollutants like NO2 and NO which 
respectively presents greenhouse effects and localised ozone formations [45]. For 
instance, biochar has been used to achieve a 67% NO removal from soils [46]. This 
is achieved through biochar’s ability to reduce the bioavailability of nitrogen to soil 
microorganisms for their metabolic activities [47]. The removal of gaseous mercury 
has also been achieved using biochar [48]. Several research reports show that, 
biochar surfaces are usually negatively charge thus have high affinity for positively 
charged metal ions [48] including Hg2+. Removal efficiency usually depend on 
biochar properties (surface and elemental properties), feedstock and pyrolysis 
conditions under which biochar was prepared [48]. Though biochar can be used to 
reduce CO2 emissions, it has low affinity for CO2 and thus requires modifications 
for effective CO2 capture [48]. One modification method is impregnating biochar 
with nitrogen and this improves biochar removal of CO2 of up to 55% [49]. For H2S 
gas, biochar has been used to achieve as high as 95% removal efficiency from a bio-
gas production process [50]. It was shown that H2S removal is better in the presence 
of hydroxide and carboxylic functional groups [51]. Other gases that have been 
removed with biochar include; ammonia and toluene [52], ozone [53], benzene 
[54], methyl tert- butyl ether and [55]. Though agriculture wastes are abundant 
for the production of biochar, it is however necessary to practice the sustainable 
utilisation of biochar (Figure 1). This is particularly necessary because biochar 
production consume energy and may release pollutants (gaseous and particulate 
matter). Sustainable utilisation of biochar includes the reuse of biochar, production 
biochar from feedstock which are less likely to contain pollutants and the use of 
calculated/optimised quantities in field applications.

It is having been demonstrated in numerous studies, the excellent performance 
of biochar in the removal of organic contaminants as well as inorganic contami-
nants. Generally, the adsorption of inorganic contaminants by biochar depends 
on biochar surface properties, contaminant type and pH. Phosphate adsorption in 
biochar is decreased by high aqueous pH values. The effect of P on the remediation 
of Cd by biochar was studied by [56]. The adsorbed P remains bioavailable, allow-
ing the formulation of slow release of P fertilisers. Leaching of P in agricultural soil 
could be minimised by 89.25% by introducing biochars imbued with Mg whilst the 
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availability of P of the surface at the same time is increased by 3.5 folds as compared 
to the soil without biochar [57].

Recent studies have been demonstrated the use of biochar for water treatment 
and purification have gained a lot of attention. Xiao et al. [58] indicated that 
micro-nano-engineered nitrogenous cow bone biochar (pyrolysed at 600 °C) was 
created which was able to adsorb 165.7, 287.6 and 558.9 mg/g of Cd(II), Cu(II), and 
Pb from water, respectively. Also a different study demonstrated the adsorption of 
ammonium from water using ball mining bamboo biochar where the adsorption 
was even more than three folds as compared to pristine biochar (7.0 vs. 22.9 mg/g) 
[59]. Toxic metals in soil medium can be remediated just like how toxic metal reme-
diation in water medium is being remediated using biochar. For instance, calcium-
based magnetic biochar minimised the bioavailability of Cd and As in soil through 
the transformation of thew metals into fractions that are stable [60]. The pH and 
cation exchange capacity of the soil increases due to the addition of porous biochar 
which lead to Cd remediation. The remediation of Pb and Cd polluted soil was also 
performed using thoil-modified biochar and the maximum adsorption capacities 
recorded were 61.4 mg/g and 45.1 mg/g, respectively [61]. Addition of biochar into 
soil may indirectly remediate toxic metals via the enrichment of microorganisms 
that are capable of remediating toxic metals [62].

Besides the removal of inorganic contaminant by biochar, it has the potential 
to remove hazardous organic compounds such as dyes, antibiotics, pesticides, oils, 
phenolics, polynuclear aromatics and persistent organic pollutants. The type of 
contaminant and biochar surface properties dictates how organic compounds are 
adsorbed. The mechanism for adsorbing organic compounds can be classified as 
pore-filling, p–p interaction, electrostatic attraction, cation exchange, hydropho-
bic interactions, complexes adsorption, and partition uncarbonised fraction [63]. 
Biochars engineered have been greatly used to remove organic contaminants. A 
typical example is the improvement of levofloxacin removal by cerium trichloride-
treated biochar [64]. The treatment of cerium could be correlated with increasing 
the O-containing functional groups on the surface of biochar. Also, the structure 
of CeO2 mesoporous, hence, its adsorption capacity as biochar can be improved 
[64]. In order to improve the surface area and the sizes of each pores, the sur-
face polarity was also increased due to higher presence of O-functional groups 
[65]. The availability of these functional groups enhances the sorption organic 

Figure 1. 
An illustration showing a pathway for the sustainable utilisation of biochar.
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contaminants via the bind of H2 and complexation between biochar and organic 
compounds [66].

Biochars that are engineered are also good at adsorbing biological contami-
nants from water. For instance, developing wood biochar through H2SO4 oxida-
tion and the resulting increase in surface area of the biochar and also resulting 
in an improved retention of Escherichia coli from stormwater [67]. Recently, 
the characteristics as well as the properties of pristine biochar developed from 
pyrolysed banana pseudostem biomass at 600 °C was improved significantly by 
Fe3O4 coating [68]. This engineered biochar demonstrated superparamagnetic 
properties and a significantly high surface area and was used for removal of the 
antibiotic furazolidone from wastewater efficiently. Adsorption of antibiotics 
from wastewaters/ agricultural drainage is crucial in order to halt the prevalence 
of drug-resistant pathogens [69] and to avoid new threats to human and animal 
health [70]. Also, the breakdown or depletion of these compounds does not actu-
ally make them less lethal or harmless. For example, degradation of furazolidone 
biologically may lead to the formation and development of carcinogenic metabo-
lites [71]. This further depicts the relevance of biochar application in removing 
them via the adsorption mechanism.

Biochar engineering increases its efficiency in pesticides removal. In a success-
ful field experiment, steam activated (800 °C for 45 min) almond shell biochar 
that was slowly pyrolyzed at 650 °C for 1 h under N2 was used for the removal of 
dibromo chloropropane from well waters [72]. Biochar can also be used for the 
adsorption of solvents from water. Trichloroethylene, for example, has been elimi-
nated from water using biochars developed from soybean stover [73]. The pyrolysis 
temperature is the major determinant of biochar adsorption capacity. Specifically, 
the highest adsorption capacity for trichloroethylene (32.02 mg/g) by the biochar 
was produced at the highest temperature (700 °C) depicted [73]. Biochar can be 
employed in water purification processes via the development of hybrid techniques 
such as permeable reactive barriers, biochar-augmented biofilters and biochar-
based membrane filtration [74]. In general, the removal capacity of biochars can be 
greatly enhance or improved through bioengineering can be achieved via hybridisa-
tion techniques.

1.4 Role of biochar in environmental safety and sustainable agriculture

Agricultural lands are now degrading due to continuous farming leading 
to nutrient mining and decreased soil organic matter levels. Reduced levels of 
soil fertility in agricultural fields are nowadays becoming the prime concern for 
cultivating crops. The waning of soil on agricultural fields remains until improved 
management practices improve them. Soil health is the basis of the vital and 
supportable food system. Nutrient cycling and release and nutrient uptake are 
usually disturbed as the agricultural land is continuously cultivated, which affects 
the natural supplies of vital nutrients for plant development to decline and inhibits 
the growth rate of crops of farm soils. Biochar improves soil health, improves soil 
fertility, improves crop yields, and sequester carbon depending on the application 
rates, type of feedstocks, and temperature.

The incorporation of biochar into the soil improves plant health and crop 
productivity which been linked to four main mechanisms. The first mechanism is in 
connection with the capability of the biochar to stimulate beneficial microbes in the 
rhizosphere [75]. As a source of reduced carbon compounds and by increasing the 
availability of micronutrients, biochar provide beneficial sites to microbial popula-
tions [76] and other plant-growth-promoting microbes [77]. However, increase in 
microbial biomass resulting from microbial growth following biochar application 
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has been reported to be as a result of the; effect of nutrient and water retention, 
creation of active surfaces that provided optimal habitat for microorganisms, 
weak alkalinity and partial inhibition of destructive and simultaneous support for 
beneficial microorganisms [78].

Secondly, the high water retention capacity of biochar leads to enhancement of 
water regime of the soil, and this is of special advantage to sandy soil area where 
the biochar will lessen the leaching away of moisture, thereby reducing water loss, 
whilst it reduces the risk of water-logging in clay soil by promoting water drainage 
[79]. The third mechanism is related to the capability of biochar to adsorb and 
neutralise phytotoxic organic molecules such as anthropogenic, xenobiotics and 
natural allelopathic compounds. This detoxifying ability is directly associated with 
the increases of specific surface area that occur during pyrolysis [10]. Increase 
in soil pH is the fourth mechanism, which is significantly beneficial to acidic 
soils [80].

1.4.1 Biochar effect on soil properties

Applying biochar to infertile soil reduces the bulk density and enhances the soil’s 
total pore volume and water holding capacity to retain and mobilise nutrients to 
the soil-root system [81]. Primarily, biochar has a marginal effect on compaction. 
Still, on a long-term scale, with the ageing of biochar, modification is projected 
[82]. The application of biochar significantly influences several chemical properties 
such as pH, electrical conductivity (EC), cation exchange capacity (CEC), organic 
carbon, availability of nutrients. The use of biochar in the soil decreases soil acidity 
by enhancing soil pH as it is alkaline [9]. It also helps increase CEC, organic C, and 
exchangeable cations (such as Ca, K, Mg) [83]. By enhancing soil pH and CEC, it 
increases the availability of nutrients to plants. Soil fertility is improved by biochar 
treatment, primarily through two mechanisms: nutrients (like K, P, many micronu-
trients) and the soil or nutrient retention from other sources, including nutrients 
from the soil itself. Biochar shows a net positive effect on crop growth by increasing 
nutrient elements’ availability (C, N, P, Ca and Mg) as it absorbs and slowly releases 
fertilisers [84]. Higher CEC of biochar treated soil binds cations to retain nutrients 
on biochar surface, humus, and clay rather than leached, making them further 
accessible for plants’ uptake. Naturally, aged biochar generally shows a higher nega-
tive charge that promotes more soil aggregation and nutrient availability than fresh 
biochar or artificially old biochar [82]. The rise in plant-available water by biochar 
proposes that biochar could reduce irrigation frequency in croplands, mainly in 
low water areas. Biochar’s positive effect on upsurging water holding capacity can 
be more extensive in sandy soils with lower micro-porosity and a smaller specific 
surface area than clayey soil.

Various life forms, including fungi, bacteria, nematodes, protozoa, earthworms, 
arthropods, indicate good healthy soil. Biochar addition has different influences 
on abundance, activity, and soil biological communities’ multiplicity than fresh 
organic matter [76]. Research shows that biochar treatment results in higher micro-
bial respiration by enhancing soil biodiversity and creating pores for soil microbes 
due to the complex aromatic structure, absence of carbon in biochar, and higher 
biochar stability than other fresh organic matters. Biochar can act as a habitat for 
microorganisms as it has a highly porous nature, and it can alter enzyme activity 
on or around biochar particles. Besides, by providing a more favourable habitat 
to microorganisms, it can modify soil’s physical and chemical environment [76]. 
Moreover, microbial biomass and composition can also be affected by biochar addi-
tion. The pores of biochar can physically protect soil microorganisms. The buffering 
capacity of biochar that can resist changes in pH helps maintain favourable pH and 
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abate pH instabilities in biochar particles supporting increasing microbial growth in 
micro-habitats [85].

The addition of biochar to soil sequester carbon and retain nutrients, thus 
promoting soil health and fertility and agronomic benefits. Moreover, nutrient 
availability also varies with the physico-chemical properties of biochar and the 
type of feedstock materials. Generally, biochar produced from feedstocks like 
manures and animal products is considered rich in nutrients related to those made 
from plant materials, mostly from hardwoods [86]. Biochar and other aromatic 
black carbons persist in soil for a more extended period and retain cations than any 
other organic carbon form. The ageing of biochar retains more cations than fresh 
biochar. Continuous fertilisers in the soil cause nutrient leaching from the soil that 
can deplete soil fertility, increase soil acidity, reduce crop yield and most notably 
deprive soil and environmental health. Higher absorption of cations and anions 
(like phosphate) due to biochar to soil restrict excess nutrients’ leaching. Besides, 
biochar decreases the leaching of nutrients like N, P, Mg, Ca, nitrate and ammo-
nium from soil [87].

1.4.2 Interaction of biochar with soil, plant and microorganisms

Biochar provides sites that can hold nutrients and other organic compounds as it 
exhibits natural oxidation through the formation of functional groups [82]. Biochar 
particles are highly associated with clay and silt-sized minerals, and oxidised 
biochar particles may be bound to soil minerals, in so doing decreasing the potential 
of its decomposition [88]. This association enhances the ability of soil-biochar-
complex to adsorb organic compounds available in the soil whereas the biochar also 
interrelate directly with organic matter of soil by sorption [89]. Largely, amending 
soils with biochar helps to restore the health of the soils by increasing organic mat-
ter content and water holding capacity, balancing its pH, and re-establishing micro-
bial populations. It also results in easing compaction, allowing the establishment of 
vegetation, recreation of ecological function of soils, decreasing bioavailability of 
toxic pollutants, leachability and mobility of contaminants, as well as improve soil 
drainage compared to the traditional remediation techniques [90]. The positively 
charged particles in biochar after pyrolysis are usually transmuted into oxides, 
hydroxides, and carbonates (ash) which behave as liming agents when incorporated 
into soil. Biochar is composed of low density material that The incorporation of bio-
char enhances reduction in soil bulk density as result of the composed low density 
material, thereby increasing root penetration, water infiltration, soil aeration and 
aggregate stability [87].

1.4.3 Impact of biochar application on nitrogen fixation and plant productivity

Amending soils with biochar enhances biological nitrogen fixation. The nitrogen 
available in the biochar is usually higher than that of the soil due to the high carbon/ 
nitrogen (C/N) ratio of the biochar, and the resulting N immobilisation [76]. The 
incorporation of biochar in the soil results in the combination of factors related to 
soil nutrient availability and simulation of plant microbe interaction, along with 
increases in nitrogen/nutrient levels. Rondon et al. [91] reported an enhanced bio-
logical N-fixation in leguminous crops in soils amended with biochar. The increase in 
the availability of major plant nutrients due to biochar application is as a result of the 
release of some small amounts of nutrients that would be available to soil biota [92].

Biochar promotes plant productivity and yield through a number of mecha-
nisms. It changes the physical conditions of plants. The dark colour of biochar 
alters the thermal dynamics and facilitates rapid germination of plants, allowing 
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more time for growth compared with soils that are not amended with biochar [93]. 
Amendment of soils with biochar must be done based on extensive field testing 
since there are no specific recommended application rates. Chan et al. [94] opined 
that incorporation of 5–50 tonnes of biochar per hectare, with proper nutrient 
management gave positive effects on crop yields. Poultry litter biochar has been 
reported to improve the yield of corn, cowpea and radishes by 140, 100 and 96% 
respectively [94]. Field incorporation of biochar below 30 tonnes/ha has been 
reported to increase crop productivity for legume crops (30%), vegetables (29%) 
and grasses (14%) compared to corn (8%), wheat (11%) and rice (7%) [95]. 
Additionally, incorporation of biochar produced from wastewater sludge resulted 
in 64% increased production of cherry tomatoes above the control soil conditions 
at the rate of 10 tons/ha [96]. According to [97] sawdust and rice husk biochar 
significantly improved uptake of N, P and K by maize plants, and also significantly 
enhanced plant height, number of leaves, fresh and dry weight of cobs of maize.

1.4.4 Role of biochar in sustainable plant disease management

The ever increasing desire to increase agricultural efficiency in terms of pro-
ducing maximum crop yields and produce is only achievable if pest and disease 
agents affecting crop productions are effectively monitored. Interventions such as 
cultural, biological, chemical and regulatory measures are the main approaches to 
plant disease management. The chemical method, since its adoption over a century 
ago, had assumed a position of significance and preferred over the existing cultural 
method as a result of its effectiveness in the management of diseases and pests. The 
availability, stability and quick-action, relatively low cost of the chemicals and ease 
with which they can be used, limits the harm done to crops. With the apprehension 
of the havoc, however, caused by continuous and persistent use of chemicals either 
by misuse or abuse, with the consequent degradation of ecological community 
of most of the farm sites based on their effects on both the target and non-target 
organisms, has led to the destruction of beneficial organisms and the natural preda-
tor in the eco-system. The normal functioning of the ecosystem is obstructed if the 
organisms develop resistance to the chemicals used, thus resulting in pests evolu-
tion. Consequently, agricultural workers suffer occupational exposure to pesticides 
whilst the general population is exposed to pesticides pollution principally through 
the food chain and drinking water contaminated with pesticide residues which are 
carcinogenic [98].

1.5 The role of biochar in mitigating climate change

Biochar can satisfy the following targets: achieving food security by enhancing 
crop productivity, promoting soil health and quality by improving soil proper-
ties, avoiding land degradation, reduction of greenhouse gas emissions minimises 
climate change, and adsorbing hazardous elements onto its surface. The conversion 
of terra preta soil into highly fertile soil due to biochar application is excellent 
evidence of biochar’s role in soil sustainability and the environment. Many green-
house gases are from the agricultural sector primarily due to many crop residues 
burning. A considerable amount of CO2 is released from the fields, hampering 
the quality of the environment. The use of biochar has been well-thought-out, a 
novel technique to make a slow continuing elimination of CO2 from the terrestrial 
atmosphere due to its complex aromatic structure and recalcitrant nature. The con-
version of residue into biochar is considered a better alternative against burning. 
About 50% C retains in the soil in converting biomass C to biochar C than tradi-
tional conservation agriculture and microbial degradation, providing a more stable 
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soil C sink than burning or direct biomass application [9]. Thus, applying biochar 
to soils can play an essential role in C sequestration to mitigate climate change as its 
residence time is up to millennial time scales [99]. On a global ranking of removing 
C from the atmosphere, biochar-bioenergy can play a significant role in inhibit-
ing erratic climate change. It helps to capture and store C from the atmosphere at 
lower prices, where biochar addition significantly enhances the crop yield. About 
62–66% of CO2 emissions could sequester within biochar [100]. Thus, biochar 
can be an advantageous element to sequester more CO2 from the soil’s atmosphere 
to mitigate climate change. Besides CO2, the emission of other greenhouse gases 
such as methane (CH4), nitrous oxide (N2O) has become a significant threat to 
the environment. Biochar application to the soil decreases the emission of CH4 by 
suppressing the oxidation of ambient CH4 depending upon soil type, the proper-
ties of biochar, and environmental conditions. On the other hand, the impact of 
biochar on the nitrogen transformation process is still unknown. Compared with 
other fresh organic materials, biochar application helps reduce N2O emission and 
NH4

+ leaching from the soil. Biochar reduces N2O emission at reduced paddy fields 
due to the oxidative reactions on the biochar surfaces with ageing [86]. The biochar 
addition at the rate 20 and 40 Mg ha−1 reduced the total release of N2O by 10.7% to 
41.8%, respectively [101]. Furthermore, soil N2O fluxes have also decreased to 79% 
in biochar treated soil [102].

1.6 How safe is the use of biochar on the environment?

The process of biochar production transforms the easily oxidised carbon frac-
tions present in organic residues into more stable forms [5] that can persist in soils 
for years [103]. The incorporation of biochar reduces the emissions of greenhouses 
gases [104] and can be considered as a climate change mitigation strategy [105]. 
On the other side of the coin, required quantities of this conditioner to improve 
soil productivity might be less comparable with compost or other organic amend-
ments on the long run. Consequently, biochar also known as “the black diamond” 
is offered as a promising soil amendment of high economic and environmental 
value [106]. However, several environmental traits should be taken into consider-
ation whilst using this amendment. The primary one to consider is the production 
process. During the pyrolysis process of biochar, significant emissions of CO2 occur 
and this probably may raise the levels of greenhouse gases in atmosphere [107]. 
The second important issue has to do with the degradation of biochar in the soil. 
Under warm climatic conditions, biochar degradation is reported to be relatively 
high [6] and therefore, further emissions of greenhouse gases might take place from 
biochar-amended soils. The third relates to ethylene production, which is a by-
product of the pyrolysis process of biochar [108]. Ethylene is increased considerably 
in biochar-amended soils to subdue several soil microbial processes [82]. Soil biota 
not only affects the physical and chemical properties of soil but also improves plant 
health [80]. Several researches have established the positive influences of amend-
ing soils with biochar on increasing crop productivity. Soils Amended with biochar 
have been proven to significantly improve macro- and micro-nutrients availability 
[6], even though many biochar additives have an alkaline nature [76]. Furthermore, 
amending soils with biochar reduces nitrate (NO3) loss through leaching as well as 
the gaseous loss through release of nitrous oxide [92], which can positively boost 
plant growth [93].

However, the effects of amending soils with biochar are not always the similar 
and depend mainly on the features of the biochar used such as grain size and 
pyrolysis temperature. Fine biochar decreases soil hydraulic conductivity (EC), 
whilst the coarse biochar (particles were coarser than sand) did not affect the 
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hydraulic conductivity of soils [95]. In addition, the pyrolysis temperature for 
the production of the biochar has a significant effect on ash content, pH, EC, and 
basic functional groups as well as carbon stability, which increases in biochar with 
increasing pyrolysis temperature [109]. Another positive influence of biochar as 
a soil conditioner is related to its ability to mitigate salinisation of arable lands 
[110]. It is noted that biochar plays positive significant influence on regulating the 
contaminants present in water and soils [111]. Conversely, many contaminants such 
as atrazine and acetochlor that are sorbed on biochar [107] may also originate from 
biochar [112] and this may reduce its efficacy [98]. Although biochar plays impor-
tant positive roles on environmental sustainability, there is a stream of knowledge 
regarding the recommended application rates to soils to evade its negative potential 
effects on the environment.

2. Conclusion

The chapter explored the possibility of using biochar from agricultural wastes as 
a suitable alternative for the remediation of environmental pollutants, soil condi-
tioning and the long-term biochar application in the environment. Agricultural 
wastes biochar can ensure environmental safety and sustainability. Minerals bio-
char can significantly impact biochar attributes therefore, the type and amount of 
minerals in biomass must be optimised for the intended environmental application. 
Biochars have made substantial breakthroughs in reducing greenhouse gases emis-
sions, reducing soil nutrient leaching, sequester atmospheric carbon into the soil, 
increasing agricultural productivity, and reducing bioavailability of environmental 
contaminants. Biochar has been widely known for its ability to serve as remediator 
of contaminant, plays a vital role climate change mitigation and bioenergy produc-
tion. The incorporation of biochar into the soil improves plant health and crop 
productivity.
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Reproductive Toxicity of Arsenic: 
What We Know and What We 
Need to Know?
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Abstract

In the most recent the environmental provident and threatening conduct of 
arsenic has increased the consideration of the world due to its pollution and hazard-
ous effects throughout the world. Arsenic contamination is serious issue throughout 
the world and is substantial risk factor in most of countries including China, U.S.A, 
India, Bangladesh, Mexico and Argentina. Several experimental models have been 
established to understand the diseases caused by arsenic exposure. However repro-
ductive and developmental toxicity have been poorly understood. The objectives of 
this study are to discuss current landscapes and future horizons of arsenic toxicity 
in human and animals in relation to various toxicity routes including oral route 
involving food and water or through inhalation of agricultural pesticides. Addition 
of current evidence on the development of destiny and actions of arsenic toxicity in 
human and animal population and other species will lessen the uncertainties in the 
hazard assessment for arsenic. This effort would help to protect the public health 
against the toxic and carcinogenic effects associated with arsenic exposure.

Keywords: arsenic, reproduction, toxicity, endocrine, spermatogenesis

1. Introduction

In the most recent the environmental provident and threatening conduct of 
arsenic has increased the consideration of the world due to its pollution and haz-
ardous effects throughout the world [1, 2]. Arsenic contamination is serious issue 
throughout the world and is substantial risk factor in most of countries including 
China, U.S.A, India, Pakistan, Bangladesh, Mexico and Argentina. Human revela-
tion to arsenic is through oral route involving food and water or through inhalation 
of agricultural pesticides [3–5]. According to World Health Organization fact sheet, 
arsenic contamination is major public issue requires emergency amendments [6]. As 
the arsenic contamination of ground water is most serious issue for human health 
in China, India, Pakistan, inner-Mongolia and Bangladesh [7]. Arsenic is present 
round the earth in environment and is extremely toxic for life. It is metalloid occur-
ring 20th in earth crust, 14th in sea water and 12th in human body [8]. Toxic effects 
of arsenic on health is wide spread in both humans and animals [9], as epidemiolog-
ical substantiation proved that chronic arsenic exposure is associated with increased 
risk of liver, bladder and skin cancer, cardiovascular diseases, diabetes mellitus 
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neuropathies, and ocular diseases [10–12]. Arsenic ingestion leads to accumula-
tion in liver, kidney and lungs and small amount in gastrointestinal tract, muscle 
nervous system and spleen because these organs are rich in oxidative enzymes 
[13]. The toxic effects of arsenic mostly occur from chronic exposure to humans 
and animals. Epidemiological studies have revealed that chronic arsenic exposure 
is associated with elevated risk of liver, lung, kidney, and skin cancer in addition 
to other ailments such as vascular, diabetic, reproductive and neurologic [14, 15]. 
On the contrary arsenic has been considered as an effective chemotherapeutic 
agent in the treatment of human cancer [16]. Various experimental models have 
been developed to understand the diseases caused by arsenic exposure. However 
reproductive and developmental toxicity have been poorly understood. Numerous 
studies documented elevated spontaneous abortion and stillbirth and decreased 
birth weight by utero arsenic exposure [17]. Arsenic as a risk factor for developing 
fetus has primarily been studied through murine studies, signifying the reproduc-
tive toxicity of arsenic. In animal’s studies on arsenic toxicities revealed that arsenic 
is associated with spermatotoxicity [18] inhibition of testicular steroidogenesis 
and reduction of weight of testes and accessory organs [19]. In the current review, 
we try to summarize the existing information on arsenic toxicity from the avail-
able literature. We initiate by describing how and when the arsenic contamination 
took place by considering the course through current literature lens. We present 
an overview of how human and animals have been affected in the light of colors of 
various exposure sources by considering the relationship between arsenic toxicity 
and environment influenced by human activities. Furthermore, we conclude with a 
preview of future directions and challenges for this field.

Endocrine Disruption.
The gene regulation of mineralocorticoid, glucocorticoids, and androgen and 

progesterone receptors is disrupted by arsenic [20]. The mechanistic effect of 
arsenic on these four steroid hormones is studies on glucocorticoids receptors. 
Arsenic altered receptor of transcription regulation of DNA dependent glucocor-
ticoids, signifying that transcriptional machinery is required for glucocorticoids 
regulation [21]. Comprehensive mutational investigation of glucocorticoids 
revealed that only receptor is not the causal target for arsenic effect, as studies that 
entire C-terminal and N-terminal domains can be removed from glucocorticoids 
receptors without altered arsenic effects, which indicate the primary mediator 
of the response of central DNA binding domain. However mutation of almost all 
the predicted sites of DNA binding domains did not eliminate function and also 
did not ablate the arsenic effects [21] Abnormalities of male reproductive system 
such as hypospadias, prostate, testicular cancer and cryptorchidism, may instigate 
through endocrine disruption [19].

2. Male reproductive effects

Male reproductive system is directly affected by arsenic exposure, as it targets 
particular reproductive organs and neuroendocrine system and it also disrupt 
sertoli cells during fetal development. Sertoli cells propagate during prepubertal, 
fetal, neonatal period and these stages are chiefly susceptible to adverse effects of 
arsenic (Figure 1) [22]. The interruption of spermatogenesis at cell differentiation 
stage can decline the overall sperm count, and cause sperm DNA damage [23]. 
Arsenic accumulation in seminal vesicles, prostate and epididymis reduces the 
progressive sperm motility [24]. Beyond this arsenic also cause hormonal distur-
bance through affecting endocrine system, disturbing the secretion of androgen 
from leyding cells, it has significant association between arsenic exposure and 
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sperm motility in arsenic exposed patients [24]. Environmental epidemiologi-
cal evidences show that in general environmental conditions there is association 
between arsenic exposure and sperm quality in male [25]. The total arsenic con-
centration and sperm concentration are strongly correlated in the in the seminal 
plasma of heavily exposed human population [26]. The quality of semen of arsenic 
exposed population is decreased and there was a strong association between sperm 
percentage of the group exposed by arsenic, as the sperm concentration was lower 
in arsenic exposed group than non-exposed group [27].

3. Effects on spermatogenesis

The interference in spermatogenesis at cell differentiation stage can reduce 
the overall sperm count, increased anomalous sperms, and impaired constancy of 
sperm [28]. As accumulation of arsenic in seminal vesicles, seminal fluid, prostate, 
and epididymis may impair the sperm progressive motility [29]. In addition arsenic 
causes hormonal disproportion affecting neuroendocrine system and androgens, 
as there is strong evidence that oxidative stress vulnerably affect the spermatozoa 
due to extreme production of reactive oxygen species resulting in the peroxidation 
of poly unsaturated fatty acids in the plasma membrane [30]. Arsenic increase the 
reactive oxygen species production and decrease the glutathione, and other anti-
oxidant level which lead to lipid per oxidation of cell membrane causing apoptosis 

Figure 1. 
Reproductive toxicity of arsenic.
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leads to oxidative DNA damage [31, 32]. Damage of sperm membrane reduces 
sperm motility and ability to fuse with oocyte, whereas the sperm DNA damage 
compromise parental genomic involvement to the embryo [33] and increase the risk 
of infertility, and serious disease in offspring [34].

4. Effects on male fertility

In addition to affecting sperm quality, some epidemiological studies docu-
mented that arsenic exposure in the environment is increasing the sterility risks 
in populations which result in decrease androgen hormones level in body, sexual 
dysfunction and chromosomal aberration (Figure 2) [36]. As level of hormones 
and arsenic concentration is measured in the blood of infertile males which 
indicated that the concentration of arsenic and blood luteinizing hormones are 
strongly negatively correlated. LH can stimulate testosterone production in inter-
stitial cell, the dysfunction or absence of testosterone lead to male infertility [37]. 
Epidemiological studies revealed that in Taiwan due to drinking of arsenic con-
taminated water the risk of prostate cancer is 6 times more than other population 
[38]. In many studies it is documented that risk of arsenic exposure affect genetic 
integrity in chromosome repeat region and it has certain effect on Y chromosome 
[38]. A group reported that arsenic exposure may increase erectile dysfunction; 
the experimental showed that the risk of erectile dysfunction was 3.4 fold higher in 
arsenic exposed population [39].

Figure 2. 
Genotoxicity of arsenic adapted from [35].
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5. Female reproductive toxicity

Recent data has summarized toxicological effects on female reproductive system 
in humans and animals implicating impaired fertility effects [40]. Infertility has 
been predicted as substantial public health hazard and becoming medical challenge 
round the globe [41], as it ahead of any uncertainty that lifestyle and quality of ambi-
ent environment can play fundamental role in reproductive success in both human 
and animal population [42]. It is demonstrated that exposure to toxic metals such 
as arsenic, lead and cadmium may be extremely involved in impaired fertility [43]. 
Arsenic is highly toxic and hazardous for pregnant humans and animals because it 
can disrupt the neuroendocrine system as it may inhibit estrogen binding receptors 
and un-regulate the progesterone receptors and it is potential source of estrogen 
dependent diseases such as breast cancer, endometritis and spontaneous abortions in 
human population [44]. Elevated endometrial cancer risk is associated with intake of 
arsenic [45]. Arsenic exposure may also affect angiogenesis in endometrium during 
pregnancy which is the most important for embryogenesis. These ailments lead to 
endometrial dysfunction, premature birth, subfertility, sterility and spontaneous 
abortions [17].

6. Female endocrine disruption

Arsenic is well recognized for its reproductive toxicity, as in case of male repro-
ductive system it is accounted that to hinder activities of spermatogenetic enzymes 
and impede spermatogenesis [28]. Arsenic may act on brain or pituitary or and on 
germ line cells and affect the female reproductive system such as it reduce ovar-
ian steroidogenesis, prolong diestrus, degenerate ovarian follicles and decrease 
the plasma level of estradiol and progesterone [46]. Furthermore reduced plasma 
gonadotrophin level may decline activities of ovarian 3β- HSD (Hydroxysteroid 
dehydrogenase) and 17β- HSD (Hydroxysteroid dehydrogenase), which are essen-
tial regulatory enzymes for steroidogenesis [47]. As it is observed that low plasma 
level of estradiol may be the cause of diestrus. Furthermore, arsenic exposure in 
human causes reproductive toxicity, including elevated incidence of miscarriages, 
still birth and low birth weight in offspring [17]. Similarly, it also effect on viabil-
ity in the conceptus, dam mortality and weight gain of fetus [48]. Arsenic plays 
a potential role in disruption of female hormonal function, such as interfering 
hormone synthesis and hormone normal function. All hormones are differing in 
their structure and function and have various routes of synthesis with numerous 
steps. Arsenic exposure through pesticides and other products may disrupt the 
chain of hormone synthesis such as inhibition of estrogen biosynthesis [49], by 
preventing the conversion of androgen into estrogen [50]. Methylated arsenic may 
interfere in dopamine beta hydroxylase activity resulting in reduced conversion of 
dopamine into nor-epinephrine [19] which may lead to hindrance of hypothalamic 
catecholamine activity involved in generation of pro-estrus surge in LH, which 
stimulates ovulation [51]. It also inhibits various other enzymes which are involved 
in progesterone synthesis [52]. Disruption in LH timing surge could alter the 
viability and quality of oocytes [51] and inhibition of progesterone secretion may 
lead to poor conception (Figure 1) [48]. The distorted estrogen signaling may cause 
over expression of estrogen receptors through promoter region hypo-methylation 
and cause epigenetic change to produce estrogen like effect by direct or indirect 
stimulation of estrogen receptors.
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7. Developmental toxicity

Inorganic arsenic affect the nervous system causing behavioral changes and 
peripheral neuropathies [53], as chronic exposure of arsenic during pregnancy may 
affect fetal brain development as a result mutilation of behavioral skills, including 
cognitive abilities and social competency. It is further conformed that exposure 
of chronic arsenic increase the risk of spontaneous abortions and stillbirths [54]. 
Significant association of arsenic exposure was found during pregnancy causing 
spontaneous abortions and stillbirth [3, 55]. It was reported that the elevated the 
risk of still birth and neonatal mortality amongst 200 married women in Bengal 
[55, 56]. All pregnant women were provided proper care in arsenic exposed area, 
showed significant association between arsenic concentration and birth defects. 
In the recent study spontaneous abortions and still births were observed between 
exposed and unexposed women, which included 240, women living in arsenic 
exposed area in West Bengal of India with high concentrated arsenic drinking water 
[55, 57] as well as [58] documented the most common arsenic exposed regions in 
West Bengal, and miscarriage was observed due to arsenic contaminated water. 
However spontaneous abortions and still births were observed in almost all the 
arsenic exposed areas throughout the world [55]. Furthermore, a hospital based 
study was conducted in Texas community with low level of arsenic exposure 
through inhalation primarily arsenic based agricultural products reported sponta-
neous abortions and stillbirths [59].

8. Effect on female fertility

According to WHO documentation more than 10% of women are at the risk 
of infertility through the exposure of heavy metals such as arsenic which are the 
major environmental contaminant which may cause reproductive disorders [60]. 
WHO surveyed that the problem of infertility was pre dominantly greater in 
female than in males. Ovulation disturbances account for common cause of sub 
fertility in women [61, 62], as ovulation disturbances are present in uneven or 
lacking menstrual periods and can overcome through reproductive hormones. The 
risk of infertility increased in women due to hormonal disturbance, delay ovula-
tion, chromosomal aberration in oocytes by higher exposure level of toxicity.  
Hormonal imbalance is an important cause of infertility in females due to 
endocrine disruption by arsenic toxicity which is the major cause of infertility 
in females (Figure 2) [40]. It may also cause cycle abnormality, such as decline 
in estrus cycle number and elevated duration of diestrus [63]. Ovulation issues, 
endocrine interference with estrogenic properties may inhibit ovulation and the 
mid cycle LH surge from pituitary gland in females which may lead to female 
fertility problems [40, 64]. However, most studies revealed that the arsenic 
exposure through pesticides and insecticides is the major cause of infertility in 
females, as these decrease the number of mature follicles and elevate the number 
of atretic follicles and this indicates potential reduction in fertility [65]. Increased 
exposure to methylated arsenic may lead to decrease in uterus weight which may 
affect implantation and increase pre-implantation embryonic loss which leads to 
infertility in females [66]. A recent study revealed that the women exposed to pes-
ticides have longer menstrual cycle and increased probability of missed periods, as 
studied in USA; infertile women were observed have three times more exposure to 
pesticides, in which whole chain of gametogenesis is affected [67].
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9. Genotoxicity of arsenic

Several studies have documented the elevated inter individual variability 
in receptiveness of arsenic toxicity underlying genetic factor as a cause of vari-
ability. The genotoxicity of arsenic cause deoxyribonucleic acid modification 
such as chromosomal aberrations, mutation, micronuclei formation, deletion, 
sister chromatid exchange [68]. Numerous studies have been done to explain the 
genotoxic effect of arsenic, over and above stimulation of oxidative stress and 
distorted DNA repair [69]. For the purpose of understanding several studies 
confirmed the manipulation of genetic polymorphism in gene coding enzymes 
involved in mechanism of arsenic metabolism and detoxification [70]. It has been 
demonstrated that arsenic does not affect DNA directly and is considered a poor 
mutagen, as regardless of its low mutagenicity it affects the mutagenicity of other 
carcinogens. For illustration, an elevated increase in mutagenicity of arsenic 
with ultraviolet light has been observed in mammalian cells [71]. Progression of 
experimentation proposed that arsenic genotoxicity is associated with the genera-
tion of reactive oxygen species during its biotransformation [68]. The generation 
of reactive oxygen species is able to break DNA strands, cross links and chromo-
somal aberration [72]. One of the mechanisms of arsenic destroys to DNA is base 
adjustment in particular 8-oxoguanine is one of the most frequently formed DNA 
nuclease modifications which are a mutagenic miscoding lesion that lead to G: C to 
T: A transverse [73].

Moreover arsenic can induce DNA strand breaks even at low concentration 
[70], as single strand breaks are caused by reactive oxygen species on DNA 
base directly or indirectly during base excision repair mechanism [74]. As it 
was observed that human fibroblast cells demonstrate single strand break and 
chromatid substitute interfering with polyadenosinediphosphate ribose poly-
merase activity which is a protein important for single strand DNA break and 
double strand DNA break repair process (Figure 2) [75]. Recent studies revealed 
that chronic arsenic exposure induces oxidative DNA damage, reduced thymic 
functions and subsequent immunosuppression in childhood [76]. Arsenic is 
well known inducer of chromosomal aberration which involves both clastogenic 
and a euploidogenic [77]. Recent studies documented cytogenetic monitoring 
by using chromosomal aberration and micronuclei assay in order to observe 
genotoxic effects of arsenic in human and animal population [78]. Inhibition of 
DNA repair is considered one of the most important effects of genotoxicity of 
arsenic. Nucleotide excision repair and base excision repair are the two process 
of DNA repair which are inhibited by reactive oxygen species of arsenic [79]. 
Earlier studies revealed that arsenic exposure may hinder the nucleotide excision 
repair mechanism of DNA repair but in recent studies it is observed that it also 
inhibit the base excision repair mechanism (Figure 2) [80]. Changes in DNA 
repair mechanisms have been confirmed in human exposed population, as arsenic 
exposure was linked with reduced expression of excision repair to at low dose. 
They have found that arsenic metabolites can affect several processes in the cell 
[81–83]. Particularly cellular activity of human 8-oxoguanine DNA glycosylase 
was the most sensitively affected by dimethylmonoarsenic acid [80]. Recently, 
epidemiological studies revealed that arsenic may affect single nucleotide poly-
morphism in genes of DNA repair pathways [84]. Arsenic causes DNA damage 
and changes cellular capacity for DNA repair. Consequently alterations in DNA 
repair capacity is associated to the presence of polymorphisms in DNA repair 
genes which are related to risk of developing disturbance induced by arsenic [85].
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10. Conclusions

One of the most important revelations is the effect of toxic metals on repro-
ductive system in mammals. In the preceding section we attempted to provide a 
recent and clear glimpse in all aspects regarding arsenic toxicity on reproduction 
in mammals. It is the most important concern that should be explored for better 
understanding and seeking preventive measures to get rid of this striking issue. 
Arsenic is an important environmental toxicant that affects the reproductive system 
of mammals. These toxic effects are influenced by variant sources and routes as well 
as doses and periods of exposure. Integration of novel information on the formation 
of fate and actions of arsenic toxicity in human and animal population and other 
species will reduce the uncertainties in the risk assessment for arsenic. This effort 
would help to protect the public health against the toxic and carcinogenic effects 
associated with arsenic exposure.
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Chapter 10

Chemical Pollution of Drinking
Water in Haiti: An Important
Threat to Public Health
Alexandra Emmanuel and Evens Emmanuel

Abstract

The geophysical environment of the Republic of Haiti is characterized by
hydrological and biogeographical climatic phenomena, and a relief marked by its
rugged appearance. Most of the territory is occupied by mountains formed of
limestone. The differences in level are very marked. Fragmentation is another
feature of the relief. These environmental imperfections juxtaposed with difficult
socioeconomic conditions and anthropogenic actions raise questions about possible
chemical metal pollution of the country’s water resources. Indeed, the predomi-
nance of limestone in the Haitian geology generate water hardness, and in the case
where the magnesium concentration is less than 7 mg/l, this water may be the
source of cardiovascular diseases. Studies carried out on several water points show a
total hardness greater than 200 mg/l. In Port-au-Prince, concentrations of lead
ranging from 40 μg/L to 90 μg/L and high Cr (III) risks were measured and
estimated in groundwater and drinking water. Concentration of fluorine ranging
from 0 to 2 mg/l were obtained from water resources. Concentration above 1.5 mg/l
have been found from alluvial aquifers. Chronic public health risks, such as cardio-
vascular diseases, deterioration of the psychological development of children, irre-
versible functional and morphological renal changes, and dental fluorosis, strain
Haiti’s water resources. Chemicals’ exposures seem to pose a threat to public health
in Haiti, which need to be studied. The aim of this study is: (i) to analyze the
contribution of geology and anthropogenic actions in the alteration of water
quality, (ii) to review the toxicology of chemicals detected in water distributed in
Port-au-Prince.

Keywords: chemical pollutions, drinking water, environmental health, medical
geology, One Health, Haiti

1. Introduction

Water is essential for sustaining life, yet it is also the source of many diseases for
living things [1]. With the increase in population and the development of industrial
activities, surface water resources and groundwater have become increasingly pol-
luted. Thus, humans are exposed to many chemicals found in drinking water.

Several chemicals (organic and inorganic) have been identified in drinking
water, and the sources of pollution of the drinking water system are multiple [2].
Among these pollutants, the literature reports particularly chlorine disinfection by-
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products [3–5], fluorine [6–8], lead [9, 10] chromium [11–13], cadmium [14, 15],
nitrates [16, 17], pesticides [18, 19], hardness [20, 21], arsenic [22, 23], etc. The
presence of chemical substances in the municipal drinking water is a major health
concern. Indeed, some substances detected in drinking water have been the subject
of epidemiological studies [1]. The health effects reported in the literature are
different cases of cancer, reproductive problems (malformations) cardiovascular
and neurological diseases. Drinking water is therefore an important route of
exposure to chemicals.

Pollutants, particularly heavy metals are released into the environment from a wide
spectrum of natural and anthropogenic sources [24]. Heavy metals are omnipresent in
the environment, occurring in varying concentrations in air, bedrock, soil, water, and
all biological matter [25, 26]. The principal anthropogenic sources are industrial and
urban effluents, runoff water, drinking water production and distribution equipment
and drinking water treatment processes [1]. The presence of heavy metals in the
environment constitutes a potential source of both soil and groundwater pollution.

In Haiti, the work carried out in the field of the physicochemical quality of water
intended for pollutants such as: lead, chromium [27], fluorine [28]. Excessive concen-
trations of hardness have also been observed in water resources [29]. These concen-
trations of natural origin are added to those generated by anthropogenic actions, such
as poor management of solid waste, the absence of urban sanitation networks and
water treatment plants only increase the rate of human exposures to these pollutants.
These exposures to chemical substances continue to put Haitians at risk, and several
examples shed light on the realities of risk management with respect to toxic chemicals
in developing Countries [30]. The fact that the hydrographic basin of Port-au-Prince
consists mainly of karst aquifers [31], rainwater, polluted by atmospheric particles of
substances originating from industrial activities, and urban wastewater feeds, through
the dominant geology, groundwater, thus leading to suppose that the water resources
of this region are subject to significant chemical pollution.

The impact on human health of natural materials such as water, rocks and min-
erals has been known for thousands of years, but there have been few systematic and
multidisciplinary studies on the relationship between geologic materials and pro-
cesses and human health (the field of study commonly referred to as medical geol-
ogy) [32]. In order to achieve a better understanding in urban and rural areas of Haiti
of the different routes of exposure and the causes of a number of environmental
health problems generated by exposure to high concentrations of essential and non-
essential chemicals for the organism that are detected in drinking water, it seems
relevant that geoscientists, environmental and health science researchers; as well as
public health specialists combine their skills to approach the problem of pollution of
water intended for human consumption by taking into account the two main sources
of the qualitative degradation of water: “geological contributions and anthropogenic
actions”. The aim of this study is: (i) to analyze the contribution of geology and
anthropogenic actions in the alteration of water quality, (ii) to review the toxicology
of chemicals detected in water distributed in Port-au-Prince.

2. Medical geology and environmental health in the geographical
context of Port-au-Prince

2.1 Environmental health and assessment of health risks associated with
chemical mixtures in drinking water

During the 1950s, forms of anxiety gradually manifested themselves regarding
the state of environmental degradation and its harmful consequences for the
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survival of ecosystems and for development [33]. Indeed, since the said decade, the
environment-human health relationship has become a major concern in the field of
public health. The questions of contaminated soil, emanations from landfills,
destruction of the ozone layer, global warming, food contamination, radiation
emitted by household appliances, new biological hazards … are among the subjects
of intervention by government authorities [34].

Abenhaim [35] argues “Environmental health issues are among the most com-
plex for scientists to study and the most difficult for policy makers to resolve. First,
because it is rare that the exhibitions are pure, thus leaving room for many
confounding factors. Then, because the contaminations are generally in relatively
small quantity, at the limits of the observable effects. Finally, because the conse-
quences of exposure often occur over the long term” [35]. Exposure to chemical
mixtures is a reality that would seem to dictate the need to pay much attention to
hazard identification, exposure assessment and risk characterization [36], of mix-
tures in water intended for human consumption. Contrary to this environmental
reality, the toxicological reality is that until recently most of the research carried out
in this field has been devoted to studies on the effects of substances acting inde-
pendently, without considering the interactions or combined effects between pol-
lutants at the inside the human organism [37].

In Haiti, all the work carried out on the health risk linked to the pollution of
drinking water by chemical substances, the risk characterization was made based on
the independent effects of the pollutants studied. This approach provides informa-
tion on the level of exposure of the population to a substance but does not make it
possible to assess the interactions of the various pollutants detected in the distrib-
uted water. It is now widely recognized that studying the combined effects of
chemical mixtures in drinking water is an integral part of public health [37]. Char-
acterizing the combined actions of chemical mixtures involves the challenge of how
to define the antagonistic, additive, or synergistic effect. It is therefore important to
understand the terminology that describes the combined effect of the agents in
terms of the mechanism of action. Seventy years ago, three basic concepts of
common action or the interaction of the combination of chemicals were defined by
biomathematicians [38–40] and they are still valid today.

Indeed, Bliss [38] identified three modes of action of constituents within a
mixture vis-à-vis living organisms:

1.“Independent joint action”: in this type of action, the constituents act on
different sites of action and the biological response of one constituent is not
influenced by another.

2.“Similar joint action”: the constituents act on the same sites of action and the
biological response of one constituent is not influenced by another. This is the
approach most used for the study of mixtures.

3.“Synergistic action”: where the response of a mixture cannot be known by the
isolated responses of the constituents. The response of a mixture depends on
the combined effects of its constituents.

All three basic principles of common action of pollutants are theoretical. How-
ever, these concepts will most likely need to be addressed at the same time, espe-
cially when the mixtures consist of more than two compounds and when the targets
(individuals rather than cells) are more complex.

Fox et al. [41] considers the risk assessment of chemical mixtures or the cumu-
lative risk assessment (CRA) as the most recent step in the evolution of assessment.
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USEPA [42, 43] defines this approach as an analysis, characterization, and possible
quantification of the combined risks to human health or the environment due to
multiple substances or stressors. This definition suggests that additivity is the ini-
tially accepted mode of action for the implementation of ERC.

U.S. EPA [44] developed for the implementation of cumulative risk assessment,
the Hazard Index (HI) method. This approach first assesses the effects of a sub-
stance acting independently of the others. HI is calculated by dividing the measured
or estimated exposure concentration by the reference concentration (RfC):

HI ¼ Measured or estimated exposure concentration=RfC

For HI < 1, the exposure concentration is below the cutoff value, so no health
effect can be expected. On the other hand, for HI ≥ 1, the exposure concentration
exceeds the threshold value, further research on the health effects of the pollutant is
recommended, by calculating the Hazard metric HM.

HM ¼ Measured or estimated exposure concentration=NOAEL or adjusted LOAEL

Based on the additive action of pollutants, the application of the HI or HMmodel
to assess the concentration of exposure due to chemical mixtures can be also
expressed:

LCE ¼ C1

M1
þ C2

M2
þ Cn

Mn
≤ 1 (1)

LCE: Limit of exposure concentration
C1, C2 and Cn: observed concentrations.
M: Maximum acceptable concentration (threshold value)
In the distribution units where chlorination is applied to raw water rich in

organic matter, a quite common situation or process in Haiti, the populations served
are exposed to a certain number of chemical substances (by example Disinfection
by-products (DBPs)), very known for their adverse effects on human health, espe-
cially the occurrence of cancers [45, 46]. In the absence of national standards for the
quality of drinking water, Haiti applies the guidelines of the World Health Organi-
zation. The application of the HI or HM model in the evaluation of the combined
effects of by-products could be, in a simplified manner, carried out from:

THMs ¼ EcCHBr3
TSWHOCHBr3

þ EcCHBr2Cl
TSWHOCHBr2Cl

þ EcCHBrCl2
TSWHOCHBrCl2

þ EcCHCl3
TSWHOCHCl3

< 1 (2)

THMs: Trihalomethanes
EC: Exposure concentration
CHBr3: Bromoform
CHBr2Cl: Chlodibromomethane
CHBrCl2: Bromodichlomethane
CHCl3: Chloroform
TSWHO:WHO threshold value Different types of complex mixtures require

different approaches, and the usefulness of a certain approach depends on the
context in which one is confronted with a mixture, and on the amount, type and
quality of the available data on the chemistry and the toxicity of the mixture [47].
Scientific literature reports the occurrence of several detected in drinking water in
Haiti [26–29]. Moreover, MSPP and WHO [48] note “the quality of water intended
for human consumption is not subject to any control. In such a context, the study of
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the combined effects of several chemical substances in drinking water and the
assessment of the risks generated for human health constitute an important topic of
transdisciplinary public health research.

2.2 Medical geology and ONE HEALTH approach in health risks assessment of
drinking water in Haiti

Located between 18° and 20°6’ Northern latitude and between 71°200 and 74°30’
Western longitude, Haiti divides with Dominican Republic “the island of Hispan-
iola” which is the second biggest island of the Caribbean. Its capital, Port-au-Prince,
is settled at the bottom of the Gulf of “La Gonâve”, in the south border of Plain of
Cul-de-sac and in the north catchment area of the “Massif de la Selle” piedmont
(Figure 1). The main municipalities which constitute urban community of Port-au-
Prince are Port-au-Prince, Delmas, Pétion-ville, Croix-des-bouquets, Gressier and
Carrefour.

Haiti is exposed to a considerable ecological imbalance, characterized by cata-
strophic flooding associated to torrential rains and hurricanes, devastating earth-
quakes, and deforestation [50]. Other problems, resulting from this imbalance
include land use forming the immediate perimeter of headwaters and wells, wet-
lands draining, arable soils erosion, the decrease of the headwaters flow and
groundwater, seawater intrusion, sewers obstruction and fecal pollution [51]. In
addition, Haiti is one of the most vulnerable countries to climate change [52]. In
general, Haiti’s geophysical environment is characterized by rugged relief. Most of
the territory is occupied by mountains formed of limestone and karst aquifers
[31, 53–55]. The existence of karst aquifers conditions in rainy weather the contam-
ination of groundwater by surface pollution. Indeed, the main characteristics of

Figure 1.
Map of the west department of Haiti and metropolitan area of Port-au-Prince [49].
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karst aquifers are the existence of irregular networks of pores, cracks, fractures and
pipes of various shapes and sizes. Such a structure, of significant physical and
geometric heterogeneity, causes complex hydraulic conditions and the spatial and
temporal variability of hydraulic parameters. After a downpour, rapid and turbu-
lent groundwater recharge occurs through drainage in large conduits with high
volume of unfiltered water [56].

Groundwater resources at Port-au-Prince are vulnerable to contamination
related to polluted water infiltration such as leachates, cesspools and septic tanks,
stormwater runoff, waste oil discharging, over-irrigation and industrial discharging
[50]. These sources of groundwater recharge may contain organic and inorganic
compounds which can be in dissolved and colloidal forms or associated to particles.
Microbiological and physicochemical characterization of groundwater resources in
the metropolitan area of Port-au-Prince, among other things, highlight the presence
of heavy metals [57], fecal coliforms [27] and Cryptosporidium oocysts [58]. In
addition to bacterial and metal contaminations, it was found that aquifers in Haiti
are also exposed to seawater pollution [50]. According to Gonfiantini and Simonot
[59], the salt water is slightly enriched with heavy isotopes with respect to fresh
groundwater, not showing any deviation from the straight line of meteoric waters.
In the area of Port-au-Prince, the salinity of the groundwater is the result of seawa-
ter intrusion because of intensive exploitation [59].

The geophysical environment of Port-au-Prince, the inefficiency of the sanita-
tion system (collection and treatment of solid waste, drainage, and treatment of
wastewater, etc.), which contribute to the microbiological and physicochemical
quality of the water distributed by public networks to the population gives rise to a
particular epidemiological environment where the water generates several dangers
for the health of consumers. In such a context, the assessment and management of
health risks associated with water intended for human consumption require a
multidisciplinary approach and call on researchers, technicians, and specialists in
several fields of life and earth sciences as well as the humanities and social sciences.

The 2030 Agenda for Sustainable Development of the United Nations (UN)
establishes goals and targets in areas of critical importance for humanity [60, 61],
Ramirez-Mendoza et al., 2020 [62]. Indeed, the SDGs are linked to one another, the
success of one often depending on the resolution of problems generally associated
with another objective [60]. They thus constitute a universal and transversal
approach concerning all countries, in the North as in the South. Regarding the issue
of water, objective 6 - access to safe water and sanitation - aims to meet the
challenges of drinking water, sanitation, and hygiene for populations, as well as
issues concerning aquatic ecosystems. In the absence of quality and sustainable
water resources and sanitation, progress in several other areas of the Sustainable
Development Goals, including health, education and reduce of poverty, will also be
delayed [60]. This objective, taken in the prism of the situation of the urban and
hydrological context, as well as the geophysical environment of Haiti, raises con-
cerns. However, the launching by public authorities and funding agencies of large
research programs with the objective of generating and applying knowledge, pro-
moting innovations in the life and earth sciences, as well as in human and social
sciences, in a context of transdisciplinary would be of great use, even essential for
the development to achieve the various objectives [63]. Indeed, Medical geology,
the science that deals with the relationship between natural geological factors and
human and animal health problems [32], and the One Health approach, an approach
that attempts to bringing together medical/public health researchers, veterinary
researchers, and environmental scientists to tackle health problems, provides an
adequate theoretical framework to address environmental health problems resulting
from the degradation of natural environment in Port-au- Prince.
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The interconnectedness of human, animal, and environmental health is at the
heart of One Health, an increasingly important prism through which governments,
NGOs (nongovernmental organizations), and practitioners view human health)
[64]. Mazet et al., [65] note “An important implication of the One Health approach
is that integrated policy interventions that simultaneously and holistically address
multiple and interacting causes of poor human health—unsafe and scarce water,
lack of sanitation, food insecurity, and proximity between animals and humans—
will yield significantly larger health benefits than policies that target each of these
factors individually and in isolation. By its very nature, the One Health approach is
transdisciplinary, since it is predicated on agricultural scientists, anthropologists,
economists, educators, engineers, entomologists, epidemiologists, hydrologists,
microbiologists, nutritionists, physicians, public health professionals, sociologists,
and veterinarians working collaboratively to improve and promote both human and
animal health” [65].

3. Chemistry and toxicology of selected pollutants detected in water
distributed in Port-au-Prince

3.1 Presence of fluoride in drinking water and risk for human health

Fluoride, the 13th most abundant element in the earth’s crust, is essential to
human life [66]. Elemental fluorine almost never occurs in nature, but fluoride is
widely distributed in the Earth’s crust, mainly as the mineral’s fluorspar, cryolite,
apatite, mica, hornblende, and fluorite [67, 68]. Table 1 shows certain physical and
chemical properties of fluoride.

Fluoride participates in the formation of bones and teeth and contributes to their
solidification. It enters the body in the form of fluorides through drinking water,
food, air, drugs, and cosmetics. It is known to have beneficial and harmful effects
on humans [69]. Indeed, its deficiency has long been linked to the incidence of
dental caries [70], while prolonged excessive intake has been associated with fluo-
rosis [71]. Large populations throughout parts of the developing world suffer the
effects of chronic endemic fluorosis [70].

The most important source of fluoride intake in the human body is drinking
water [72]. According to WHO [73], the guideline value for fluoride in drinking-
water is 1.5 mg/L, based on increasing risk of dental fluorosis at higher

Fluoride

Molecular formula F2

CAS# 7782-41-4

Molecular Weight 37.996 g/mol

Melting point �219°C

Boiling Point �188.13°C

Solubility Water

Density 1.517 at �188.13°C

Vapor pressure 760 mm Hg at 85 K

Source https://pubchem.ncbi.nlm.nih.gov/compound/24524

Table 1.
Physical and chemical properties of fluoride.
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concentrations and that progressively higher levels lead to increasing risks of skeletal
fluorosis. This value is higher than that recommended for artificial fluoridation of
water supplies for prevention of dental caries, which is usually 0.5–1.0 mg/L. WHO
[74] recommends that, in setting a standard, Member States should consider
drinking-water consumption and the intake of fluoride from other sources. Never-
theless, a content of 1 mg/l of fluoride ions is approximately the desirable concentra-
tion in the water supplied to the population to ensure optimal dental health [75].
However, several factors, including temperature, can influence this optimum value,
which varies from one climatic region to another. It is therefore important to deter-
mine this optimal dose for each region depending on whether it is in a temperate zone
or in a tropical zone [76]. Dean [77] has shown that the optimum concentration of
fluorine as a function of the ambient temperature is 1.0–1.2 mg/l.

The optimal dose of fluoride in drinking water is defined as the amount of
fluoride which decreases the prevalence of dental caries with the absence of
significant fluorosis [78–80]. Fluorosis is the demineralization of tooth enamel by
excessive fluoride ingestion during the years of tooth calcification [81]. This
phenomenon, observed in children, can range from mild fluorosis to a severe
manifestation Indeed, Dean [78] observed that 10% of children consuming water
containing 1.0 mg/l of fluoride could develop benign fluorosis. It is reported in the
literature that children living in the southwestern United States develop severe
fluorosis, much more so than those living in the midwestern, while both groups are
exposed to the supply systems. Water containing the same concentration of fluorine
[82]. Other studies have suggested that the extremely high temperature of the
southwest is a major factor contributing to the increase in demand for drinking
water and the increase in severe and endemic dental fluorosis [80, 81, 82].

In Haiti, studies carried out on the water resources of the Center-Sud hydro-
graphic region of Haiti (Figure 2), revealed fluorine concentrations between 0 and

Figure 2.
Map of the “Centre-Sud” hydrographic region of Haiti.

154

Environmental Health



2 mg/l [28, 83]. The various localities of this region are exposed to an average daily
temperature ranging from 17 to 36° C.

These observations lead on the one hand to questioning the problems of dental
caries and fluorosis from which the populations of the areas studied may suffer and,
on the other hand, to determine the optimal dose of fluoride in water intended for
human consumption. of the Center-South hydrographic region of the Republic of
Haiti. Fluoride’s exposure is a major public health problem particularly for children.
Indeed, intake of high-water fluoride concentration during child’s growth and
development stages has been associated with mental and physical problems [84–86].

3.2 Water hardness and human health

Hardness is the traditional measure of the capacity of water to react with soap
and describes the ability of water to bind soap to form lather, which is a chemical
reaction detrimental to the washing process [87]. Water hardness results from the
contact of groundwater with rock formations. It is the sum of the concentrations of
dissolved polyvalent metal ions which Ca2+ and Mg2+ are predominant. The sources
of the metallic ions are typically sedimentary rocks, and the most common are
limestone (CaCO3) and dolomite (CaMg(CO3)2) [66].

Ca and Mg are present as simple ions Ca2+ and Mg2+ with the Ca levels varying
from tens to hundreds of mg/L and the Mg concentrations varying from units of
tens of mg/L [88]. Magnesium is significantly less abundant than calcium in rocks
and in most natural waters. In addition, magnesium concentrations are much lower
in the water than calcium. They are generally less than 50 mg/L, although values
higher or equal to 100 mg/L are stored particularly in cold climates [87]. The
physical and chemical properties of Ca2+ and Mg2+ are presented in Table 2.

Hardness (in mg equivalent CaCO3/L) can be determined by substituting the
concentration of calcium and magnesium, expressed in mg/L, in the following
equation [89]:

Total hardness ¼ 2:497 Ca2þ,mg=L
� �þ 4:118 Mg2þ,mg=L

� �
(3)

Each concentration is multiplied by the ratio of the formula weight of CaCO3 to
the atomic weight of the ion; hence, the factors 2.497 and 4.118 are included in the
hardness relation [89].

Calcium Magnesium

Molecular formula Ca2+ Mg

CAS# 7440-70-2 7439-95-4

Molecular Weight 40.08 g/mol 24.305 g/mol

Melting point 842°C 1100°C

Boiling Point 1484°C 651°C

Solubility Water Water

Density 1.54g/cm3 1.738 at 20°C

Vapor pressure 10 mm Hg at 983°C 1 Pa at 428°C

Source https://pubchem.ncbi.nlm.nih.gov/
compound/5460341

https://pubchem.ncbi.nlm.nih.gov/
compound/5462224

Table 2.
Physical and chemical properties of Ca2+ and Mg2+.
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Hardness is most expressed as milligrams of calcium carbonate equivalent per
liter [90]. Water containing calcium carbonate at concentrations below 60 mg/l is
generally considered as soft; 60–120 mg/l, moderately hard; 120–180 mg/l, hard;
and more than 180 mg/l, extremely hard [91]. Although hardness is caused by
cations, it may also be discussed in terms of carbonate (temporary) and
non-carbonate (permanent) hardness [90].

Calcium and magnesium are essential for the human body [90]. They contribute
to the formation and solidification of bones and teeth and play a role in the decrease
of neuromuscular excitability, myocardial system, heart, and muscle contractility,
intracellular information, transmission, and blood contractility [87, 88, 92]. They
also play a major role in the metabolism of almost all cells of the body and interacts
with many nutrients [93]. However, inadequate, or excess intake of either nutrient
can result in adverse health consequences [90].

According to WHO [90] “Inadequate intakes of calcium have been associated with
increased risks of osteoporosis, nephrolithiasis (kidney stones), colorectal cancer, hyper-
tension and stroke, coronary artery disease, insulin resistance and obesity. Most of these
disorders have treatments, but not cures. Owing to a lack of compelling evidence for the
role of calcium as a contributory element in relation to these diseases, estimates of calcium
requirement have been made based on bone health outcomes, with the goal of optimizing
bone mineral density.

To a great extent, individuals are protected from excess intakes of calcium by a tightly
regulated intestinal absorption and elimination mechanism through the action of 1,25-
dihydroxyvitamin D, the hormonally active form of vitamin D. When calcium is
absorbed more than need, the excess is excreted by the kidney in healthy people who do not
have renal impairment” [90].

Magnesium is the fourth most abundant cation in the body and the second most
abundant cation in intracellular fluid [90]. In the cardiovascular system, magne-
sium is the candidate element. It plays an important role as a cofactor and activator
of more than 300 enzymatic reactions including glycolysis, ATP metabolism, trans-
port of elements such as Na, K and Ca through membranes, synthesis of proteins
and nucleic acids, neuromuscular excitability and muscle contraction [94]. That can
have hand in various mechanism where the main is the calcium antagonist effect
which can be direct or indirect [95].

Low magnesium levels are associated with endothelial dysfunction, increased
vascular reactions, elevated circulating levels of C-reactive protein (a
proinflammatory marker that is a risk factor for coronary heart disease) and
decreased insulin sensitivity. Low magnesium status has been implicated in hyper-
tension, coronary heart disease, type 2 diabetes mellitus and metabolic syndrome.
Magnesium deficiency has been implicated in the pathogenesis of hypertension,
with some epidemiological and experimental studies demonstrating a negative cor-
relation between blood pressure and serum magnesium levels. However, data from
clinical studies have been less convincing [90].

Indeed, water hardness has become an important public excess health issue [96].
Kobayaski [97] showed a relationship between water hardness and the incidence of
vascular diseases. The scientific literature reported the existence of a relationship
between cardiovascular disease mortality and water hardness [98–100]. Miyake and
Iki [101] observed a lack of association between water hardness and coronary heart
diseases mortality in Japan. Nonetheless, many studies covering many countries
suggest such a correlation and geochemically it is worthy of serious study [88].
Based on available information in the literature on the association of water hardness
and the incidence of cardiovascular diseases (CVD), Eisenberg [102] considered
that Mg seems to be the basic element. Indeed, extremely hard natural water with
CaCO3 concentration higher than 200 mg/l with a magnesium concentration
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lower than 7 mg/l may affect various organs including the cardiovascular
physiology [87].

In Haiti, studies on the spring waters used to supply a part of the population of
the Metropolitan Area of Port-au-Prince (MAPP), the most important urban area of
the country, showed a total hardness greater than 200 mg/l, with magnesium
concentration less than 7 mg/l [29]. In addition, magnesium concentrations ranging
from 5.58 to 6.9 mg/l have been measured in groundwater in the metropolitan area
of Port-au-Prince [103]. Drinking water low in Mg significantly increases the like-
lihood of cardiovascular mortality [104]. Catling et al., [105] found significant
evidence of an inverse association between magnesium levels in drinking water and
cardiovascular mortality following a meta-analysis of case control studies. In Haiti,
cardiovascular disease (CVD) is now the leading cause of adult mortality in Haiti
[106, 107].

3.3 Groundwater pollution by heavy metals and human health

Metals are natural constituents of the Earth’s crust. The distribution and fate of
metals in the environment is governed by their properties and the influence of
environmental factors [108]. In environmental compartments, heavy metals con-
stitute an ecological and human health concern since heavy metals are not degraded
biologically like certain organic pollutants [109]. Metals exert biological effects that
can be beneficial or harmful. Many metals such as Fe, Cu, Co, Mn, Zn, and Cr are
essential for humans, and deficiency states with clinical abnormalities have been
identified [27, 108, 110]. Other metals such as Hg, Pb, Cd, and As are not known to
be essential for any animals [110]. Essential elements can also cause toxic effects at
high doses.

In Haiti, heavy metals (lead, chromium, and nickel) have been measured in
groundwater [27]. The physical and chemical properties of these heavy metals are
presented in Table 3.

3.3.1 Effects of chromium on human health

Chromium is one of the heavy metals considered a major pollutant. It has been
widely used in industrial processes for leather tanning, dyes and paint preparation,

Chromium Lead Nickel

Molecular formula Cr Pb Ni

CAS# 7440-47-3 7439-92-1 7440-02-0

Molecular Weight 51.996 g/mol 207 g/mol 58.693 g/mol

Melting point 1907°C 327.4°C 1455°C

Boiling Point 2642°C 1740°C 2730°C

Solubility Water - Water

Density 7.14 11.34 g/cm3 8.9 g/cm3

Vapor pressure 1 mmHg at 2941° F 1.77 mm Hg at 1000°C 1 mm Hg at 1810°C

Source https://pubchem.ncbi.
nlm.nih.gov/compound/

23976

https://pubchem.ncbi.nlm.
nih.gov/compound/

5352425

https://pubchem.ncbi.
nlm.nih.gov/compound/

935

Table 3.
Physical and chemical properties of chromium, lead and nickel.
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textile manufacturing, paper mills, wood preservation, stainless steel production,
and photography [111]. Chromium exists in several oxidation states. The most
stable and common forms are trivalent chromium, Cr(III), and hexavalent chro-
mium, Cr(VI), which exhibit contrasting biochemical properties and toxicokinetics
[112, 113]. Cr(III) compounds occur naturally in the form of oxides, hydroxides or
sulfates, and they are nutritionally necessary to humans for glucose, fat and protein
metabolism [114]. In contrast, Cr(VI) compounds are mainly anthropogenic and
highly toxic; its mutagenic and carcinogenic nature and high oxidation state
enhances its ability to move into living cells [114]. Cr(III) and Cr(VI) interchange-
ability depends on their concentration in solution, pH, the redox potential (Eh) of
the medium, and the presence or absence of a strong oxidant or reductant
[111, 115].

The toxicity of chromium is directly dependent on the valence state, with
hexavalent chromate Cr(VI) and trivalent chromate Cr(III) being of the greatest
interest [112]. Oral bioavailability varies with valence state, with Cr(VI) being more
readily absorbed. Cr(VI) can be broken down into Cr(III) within the acidic envi-
ronment of the stomach [111]. Acute exposure to chromium is indicated by imme-
diate irritation of the eye, nose, throat, and respiratory tract, which results in
burning, congestion, epistaxis, and cough. Ulceration, bleeding, and erosion of the
nasal septum mark chronic exposure. Cough, chest pain, dyspnea, and chromium-
induced asthma indicate exposure to soluble chromium products [113]. If chronic
exposure is suspected, in conjunction with weight loss, cough, and hemoptysis, this
suggests the development of bronchogenic carcinoma. Dermatological manifesta-
tions include painless, slow-healing ulceration of the fingers, knuckles, and fore-
arms. Ingestion is marked by nausea, vomiting, abdominal pain, prostration, and
death associated with uremia [114].

3.3.2 Effects of lead on human health

Drinking water is one of the major sources of human exposure to lead [115].
Lead particularly targets the nervous system, blood, and kidney [116]. Many studies
found associations between low level environmental Pb exposure and chronic kid-
ney disease, a general term for heterogeneous disorders affecting the structure and
function of the kidney (CKD) [117, 118]. Long-term lead exposure may generate
irreversible functional and morphological renal changes [119], distal motor
neuropathy and possibly seizures and coma [120]. Infants and small children are
more sensitive to the effects of lead, which moreover is transported through the
placenta to the foetus [121]. Lead accumulation in fetuses and small children
might cause developmental disruption in terms of neurological impairment
characterized by a decrease of cognitive faculties, which can be reversible or not,
evaluated by psychomotor tests such as the verbal IQ (Intellectual Quotient) test
[27, 109]. The period when IQ is most affected is from birth to about 4 years of
age [122].

Scientific literature on lead water pollution reports “Lead remains a problem in
drinking water in many parts of the world, with millions of properties served by
distribution systems containing lead components. Strong links have been
established between human exposure to lead and health effects in both adults and
children. As a result, the allowable levels of lead indrinking water have generally
become lower. Implementation of these regulations is difficult with the controls
available. Future recommendations for aspiring to zero lead in drinking water are:
(i) improving sampling, monitoring and modeling; (ii) Wider application of short-
term pointof- use devices; (iii) replacement of all lead pipes and plumbing through
applicable regulations and increased awareness public” [123–126].
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3.3.3 Effects of nickel on human health

Nickel is insoluble in water. However, when it is in the form of exceptionally
fine particles, it ionizes as Ni (II) in water and in body fluids such as blood. During
oral exposure, the major effects observed are the death of a child after ingestion of
570 mg of nickel/kg [127] and intestinal disorders such as nausea, abdominal
cramps, and diarrhea [128]. Immunological, hematological, hepatic, renal,
genotoxic effects on embryonic development and reproduction have been reported
depending on the route of entry into the body [129].

4. Conclusion

The aim of this study is: (i) to analyze the contribution of geological factors and
anthropogenic actions in the alteration of water quality in Port-au-Prince. The
toxicology of chemicals of three heavy metal (chromium, lead, and nickel) and
fluoride, substances detected in groundwater and tap water, has been reviewed. The
information available on the effects of the selected heavy metals highlights major
chemical risks, particularly for children, relating to Pb (II), Cr (III), Cr (VI) and Ni
(II) contained in the groundwater were also characterized [27]. The level of pollu-
tion of underground water resources in the metropolitan area of Port-au-Prince
does not only require the application of an approach based on water treatment
processes. It also reflects the need to approach the issue of the quality of water
intended for human consumption in this urban space based on a transdisciplinary
approach based on the theories of medical geology and the approach. One Health.
Indeed, the level of organic and mineral pollution of these resources can compro-
mise the rare efforts made to achieve the SDGs, more particularly the 3, 6, 11, 13.
The results available in the literature and used in the context of this work clearly
indicate the existence of chronic toxicities of trace heavy metals (Cr, Pb, Ni),
fluoride and hardness of drinking water on the human organism and on kidney
tissues. In the future, it will be necessary to initiate research work on the combined
effects of these substances from observations on laboratory animals and then pro-
ceed to modeling to finally arrive at an understanding of certain interactions that
may exist between these pollutants.
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Chapter 11

Microplastics and Environmental
Health: Assessing Environmental
Hazards in Haiti
Daphenide St. Louis, Ammcise Apply, Daphnée Michel
and Evens Emmanuel

Abstract

Microplastics (MP) refer to all plastic particles that are less than 5 mm in size.
Over the past decades, several studies have highlighted the impact of microplastics
(MP) on living organisms. In addition to being pollutants themselves, these syn-
thetic polymers also act as vectors for the transport of various types of chemicals in
natural ecosystems. MP has been ubiquitously detected in a wide range of shapes,
polymers, sizes and concentrations in marine water, freshwater, agroecosystems,
atmospheric, food and water environments. Drinking water, biota, and other
remote places. According to the World Bank, over 80% of the world’s marine litter
is plastic and the concentration of litter on Caribbean beaches is often high, with a
high presence of single-use plastics and food containers. In its work, the World
Health Organization (WHO) suggests an in-depth assessment of microplastics pre-
sent in the environment and their potential consequences on human health, follow-
ing the publication of an analysis of the state of research on microplastics in
drinking water. It also calls for reducing plastic pollution to protect the environ-
ment and reduce human exposure. In Haiti, the bay of Port-au-Prince is the natural
receptacle of all the urban effluents generated by human activities in the Metropol-
itan Zone. This urban wastewater carries household waste, sludge from pit latrines
and sewage, industrial wastewater which largely contributes to the pollution of the
bay. Furthermore, 1,673,750 tonnes per year of household waste, including 93,730
tonnes of plastic waste, are not collected. What are the environmental dangers
represented by the MP contained in those wastes for living organisms in exposed
tropical ecosystems? The purpose of this paper is: (i) to do a bibliographical review
of the physical and chemical properties, as well as the toxicological profile of MP,
(ii) to identify the environmental hazards associated with MP contained in urban
waste in the metropolitan area of Port-au-Prince.

Keywords: microplastics, wastes, physical and chemical characteristics,
natural ecosystems, fate, environmental hazards

1. Introduction

Synthetic polymers appeared at the end of the nineteenth century around the
1860s, but it was not until afterWorldWar II that the “rise of plastics” really began [1].

171



Plastic has become one of the most ubiquitous materials since its inception as a
phenol-formaldehyde resin (i.e., bakelite) [2]. Basically, plastic was designed to
improve the conditions of human life, but today it is becoming a real environmental
concern [1].

Nowadays, plastic is ubiquitous in all environmental compartments (air, water,
and soil) [3]. Simonneau et al., [4] report that rain and snow contain a significant
number of MP, invisible to the naked eye and less than 5 mm in size. The presence
of MP in soil ecosystems has been detected [5, 6]. Scientific literature reports the
environmental occurrence of MP in surface waters [7], coastal sediments [8], beach
sands [9], freshwater sediments [10], and deep-sea environments [11]. Indeed, the
intensive exploitation of plastic associated with poor performance of waste man-
agement systems, including end-of-life collection and capture, have resulted in a
massive accumulation of plastic waste in the environment [12]. The release of
plastic materials into the environment is recognized as an important pollution
related issue [13–15].

The proliferation of MP in the environment causes serious pollution all over
the world [16]. According to their characteristics, namely, synthetic materials
with a high content of polymers, solid particles, less than 5 mm, insoluble in
water, and not degradable, they are easily introduced into the environment and
persist there due to their low solubility [17]. Food chains are subject to significant
pollution from the release of hydrophobic organic chemicals [18–22]. Being pre-
sent in different aquatic ecosystems (surface water, oceans, estuarine waters,
etc.), organisms are directly or indirectly exposed to microplatiscs [17]. Scientific
literature reports negative impacts of microplastics on benthic organisms [23, 24].
The toxic effects of these pollutants have been studied on the feeding habits,
growth and reproductive systems of several aquatic species [25–29]. Human
beings are therefore exposed through the consumption of seafood, fish and
crustaceans [30].

The purpose of this paper is: (i) to do a bibliographical review of the physical
and chemical properties, as well as the toxicological profile of MP, (ii) to identify
the environmental hazards associated with MP contained in urban waste in the
metropolitan area of Port-au-Prince.

2. Methodology

Scientific and technical information from several world-wide documentation
databases was used. Academic social networks, scientific databases such as Google
Scholar, PubMed, academia.edu, researchgate.net, academic presses (springer.com,
sciendirect.com, Wiley Online Library, ACS Publications, etc.) were consulted in
this way as electronic data available on the sites of certain research universities. The
search equations launched on the various sites consulted were implemented from
the crossing of the following keywords: “Microplastics”, “Microplastics (and) defi-
nition”, “Microplastics (and) plastics”, “Microplastics (and) thermodynamics”,
“Microplastics (and) Epidemiology”, “Microplastics (and) physical and chemical
properties”, “Toxicological profile of microplastics”, “Microplastics (and) Human
health effects” , “Microplastics (and) Environment” , “Microplastics (and)) parti-
tion coefficient” , “Microplastics (and) Haiti”, “Haiti (and) solid waste” , “Fate and
Microplastics” , “Microplastics (and) Ocean” , etc.

The results obtained have been the subject of a critical examination. Each article
read, referred the authors of this study for the reading of another article cited in the
list of his references. We considered articles that were published from 2005 to 2021.
The number of times cited (citations analysis).
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3. Definition, composition, and physical and chemical characteristics of
plastics

The term plastic refers to “a material which contains as an essential ingredient a
high polymer and which, at some stage of its transformation into finished products,
can be shaped by flow,” [31]. However, elastomeric materials (also shaped by flow)
are generally not considered plastics [32, 33].

Plastics are mainly produced from non-renewable substances, extracted from
petroleum and natural gas [1, 34, 35], or renewable like sugar cane, starch, or
vegetable oil or even of mineral origin like salt [36]. The evolution of plastic,
correlated with its major strengths, makes it a substitute material, to the detriment
of metals, for example [37]. Thus, the increase in plastic, and its multiple applica-
tions, place it at the forefront of market share, ahead of traditional materials [38].

The International Organization for Standardization (ISO) [31] recommends the
use of the term “macromolecule” for individual molecules, the term “polymer”
being reserved for a substance consisting of macromolecules, further stipulating
that the term “high polymer” or more generally “polymer” denotes a product
consisting of molecules characterized by a large number of repeats of one or more
species of atoms or groups of atoms (constitutional units), linked in sufficient
quantity to lead to a set of properties which hardly vary with the addition or
elimination of a single or a small number of constituent motifs [31]. The denomi-
nation of “plastics” comes from the characteristic plasticity property of many poly-
mer materials which can be deformed at will under the effect of temperature (the
notion of temperature is relative here: certain plastics are deformable at room
temperature) [39]. Thus, most of the plastic materials placed on the market result
from complex formulation steps intended to give the macromolecules the desired
properties of use. Adjuvants such as stabilizers and additives will be used to limit
the degradation of the chains under the effect of heat, radiation, abrasion (antioxi-
dants, mineral fillers, etc.) and give them specific properties (plasticizers, dyes,
flame retardants, reinforcements ...) [39].

A main classification of plastics is based on the durability or non-durability of
their shapes, or whether they are thermosets or thermoplastics [40]. According to
Plastics Europe [36], plastics can be classified into various types. A typology of
plastic as well as their applications and benefits are published on the website of this
institution, which is an association of plastic manufacturers in Europe (Table 1).

3.1 Microplastics

Jiang et al. [40] note that the degradation of plastic waste generates microplastic
(MP) or nanoplastic particles (NP); this division is based on the diameter of the
plastic fragments or particles, MP being less than 5 mm in diameter and NP being 1
to 100 or 1000 nm in diameter [40]. The scientific literature on the diameter of
plastic particles provides several information and divisions of microplastics. Arthur
et al. [41] report when it was reported in 2004, the term microplastics was used to
describe fragments of plastic approximately 20 μm in diameter. However, while
these early reports referred to truly microscopic particles, they did not provide a
specific definition of microplastic. In 2008, the United States National
Oceanographic and Atmospheric Agency (NOAA) hosted the first International
Microplastics Workshop in Washington and, as part of that meeting, formulated
a broader working definition to include all particles. Less than 5 mm in
diameter [41]. Other authors consider that particles>5 mm are macroplastics,
mesoplastics 5 to>1 mm, microplastics 1 mm to>0.1 μm and nanoplastics as
0.1 μm [5].
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Plastics Description

Bio-based
plastics

Bio-based plastics are made in whole or partially from renewable biological resources. For
example, sugar cane is processed to produce ethylene, which can then be used to manufacture
polyethylene. Starch can be processed to produce lactic acid and subsequently polylactic acid
(PLA).

Biodegradable
plastics

Biodegradable plastics are plastics degraded by microorganisms into water, carbon dioxide
(or methane) and biomass under specified conditions. To guide consumers in their decision-
making and give them confidence in a plastic’s biodegradability, universal standards have
been implemented, new materials have been developed, and a compostable logo has been
introduced.

Engineering
plastics

Engineering plastics exhibit higher performance than standard materials, making them ideal
for tough engineering applications. They have gradually replaced traditional engineering
materials such as wood or metal in many applications because, not only do they equal or surpass
them in their weight/strength ratio and other properties, but they are also much easier to
manufacture, especially in complicated shapes.

Epoxy resins Epoxy resins have been around for more than 50 years and are one of the most successful of the
plastics families. Their physical state can be changed from a low viscosity liquid to a high
melting point solid, which means that a wide range of materials with unique properties can be
made. In the home, you’ll find them in soft-drinks cans and special packaging, where they are
used as a lining to protect the contents and to keep the flavor in. They are also used as a
protective coating on everything from beds, garden chairs, office and hospital furniture, to
supermarket trolleys and bicycles. They are also used in special paints to protect the surfaces of
ships, oil rigs and wind turbines from bad weather.

Expanded
polystyrene

Expanded polystyrene, or EPS, is widely used commodity polymer. It has been a material of
choice for more than 50 years because of its versatility, performance, and cost effectiveness. It is
widely used in many everyday applications, such as fish boxes, bicycle helmets and insulation
material.

Fluoropolymers Fluoropolymers are renowned for their superior non-stick properties associated with their use as
a coating on cookware and as a soil and stain repellent for fabrics and textile products. They
also contribute to significant advancement in areas such as aerospace, electronics, automotive,
industrial processes (chemical and power sectors, including renewable energy), architecture,
food and pharma and medical applications. The most well-known member of Fluoropolymers
is PTFE (polytetrafluoroethylene).

Polyolefins Polyolefins are a family of polyethylene and polypropylene thermoplastics. They are produced
mainly from oil and natural gas by a process of polymerization of ethylene and propylene
respectively. Their versatility has made them one of the most popular plastics in use today.

Polystyrene Polystyrene is a synthetic polymer made from styrene monomer which is a liquid petrochemical.
It is a thermoplastic polymer which softens when heated and can be converted via semi-finished
products such as films and sheets, into a wide range of final articles.

Polyurethanes Polyurethane (PUR) is a resilient, flexible, and durable manufactured material. There are
various types of polyurethanes, which look and feel quite different from each other. They are
used in a broad range of products. In fact, we are surrounded by polyurethane-containing
products in every aspect of our everyday lives. While most people are not overly familiar with
polyurethanes because they are generally ‘hidden’ behind covers or surfaces made of other
materials, it would be hard to imagine life without them.

Polyvinyl
chloride

Polyvinyl chloride (PVC) was one of the first plastics discovered and is also one of the most
extensively used. It is derived from salt (57%) and oil or gas (43%). It is the world’s third-most
widely produced synthetic plastic polymer, after polyethylene and polypropylene. PVC comes in
two basic forms: rigid (sometimes abbreviated as RPVC) and flexible.

Thermoplastics Thermoplastics are defined as polymers that can be melted and recast almost indefinitely. They
are molten when heated and harden upon cooling. When frozen, however, a thermoplastic
becomes glass-like and subject to fracture. These characteristics, which lend the material its
name, are reversible, so the material can be reheated, reshaped, and frozen repeatedly. As a
result, thermoplastics are mechanically recyclable. Some of the most common types of
thermoplastic are polypropylene, polyethylene, polyvinylchloride, polystyrene,
polyethylenetheraphthalate and polycarbonate.

Table 1.
Type of plastics [plastic Europe – Online].

174

Environmental Health



Microplastics samples are usually sorted into different shapes according to
observed morphology. The Joint Group of Experts on the Scientific Aspects of
Marine Environmental Protection (GESAMP) [42] recommends five general cate-
gories of recommends, including fragment, foam, film, line, and pellet. Figure 1
presents the standardized size and color sorting system (SCS) for categorizing
microplastics [43]. It is recommended the original data in these finer subdivisions
with the recognition that subdivisions can be combined for ease of harmonizing and
comparing data [42].

Figure 1.
The standardized size and color sorting (SCS) system [43].
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According to Crawford et al. [43], the SCS system generates unique codes to
process microplastic abundance data, requiring an efficient categorization system.
Table 2 presents a categorization of plastic according to size, while the Table 3
gives the categorization of microplastics according to morphology.

There are many hundreds of different types of polymer andmixtures of polymer
in commercial production, but themarket is dominated by: polyethylene (as both

Category Abbreviation Size Size definition

Macroplastic MAP ≥25 mm Any piece of plastic equal to or larger than
25 mm in size along its longest dimension

Mesoplastic MEP <25 mm–5 mm Any piece of plastic less than 25 mm–5 mm in
size along its longest dimension

Plasticle PLT <5 mm All pieces of plastic less than 5 mm in size along
their longest dimension

Microplastic MP <5 mm–1 mm Any piece of plastic less than 5 mm–1 mm in size
along its longest dimension

Mini-microplastic MP <1 mm–1 μm Any piece of plastic less than 1 mm–1 μm in size
along its longest dimension

Nanoplastic NP <1 μm Any piece of plastic less than 1 μm in size along
its longest dimension

Table 2.
Categorization of pieces of plastic based on size [43].

Abbreviation Type Size Definition

PT Pellet <5 mm–1 mm A small spherical piece of plastic less than 5 mm to
1 mm in diameter

MBD Microbead <1 mm–1 μm A small spherical piece of plastic less than 1 mm to
1 μm in diameter

FR Fragment <5 mm–1 mm An irregular shaped piece of plastic less than 5 mm to
1 mm in size along its longest dimension

MFR Microfragment <1 mm–1 μm An irregular shaped piece of plastic less than 1 mm to
1 μm in size along its longest dimension

FB Fiber <5 mm–1 mm A strand or filament of plastic less than 5 mm to
1 mm in size along its longest dimension

MFB Microfibre <1 mm–1 μm A strand or filament of plastic less than 1 mm to 1 μm
in size along its longest dimension

FI Film <5 mm–1 mm A thin sheet or membrane-like piece of plastic less
than 5 mm to 1 mm in size along its longest

dimension

MFI Microfilm <1 mm–1 μm A thin sheet or membrane-like piece of plastic less
than 1 mm to 1 μm in size along its longest dimension

FM Foam <5 mm–1 mm A piece of sponge, foam, or foam-like plastic
material less than 5 mm to 1 mm in size along its

longest dimension

MFM Microfoam <1 mm–1 μm A piece of sponge, foam, or foam-like plastic
material less than 1 mm to 1 μm in size along its

longest dimension

Table 3.
Categorization of microplastics based on morphology [43].
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Polymers Abbreviation CAS # Molecular
formula

2D Structure

Polyethylene PE 9002-88-4 (C2H4)n

Polypropylene PP 9003-07-0 (C3H6)n

Expanded polystyrene EPS 9003-53-6 (C8H8)n

Polyethylene
Terephthalate

PET 25038–59-9 (C10H8O4)n

Polymethylmethacrylate PMMA 9011-14-7 [(CH2C(CH3)
(CO2CH3)]n

Polyetrafluoroethylene PTFE 9002-84-0 (CF2CF2)n

Polyamide (nylon) PA 63428–84-2 C23H26N2O4

Polyurethane PU 9009-54-5 C3H8N2O

Table 4.
Main polymers found in microplastics [32].
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high-density HDPE, and low-density LDPE), polypropylene (PP), polyvinyl chloride
(PVC), polyurethane (PUR), polystyrene (PS), and polyethylene terephthalate (PET).
These six polymersmake up about 80% of plastics production and are likely to form a
large proportion ofmost marine litter (GESAMP, 2019). Themost common human-
produced and petroleum-derived polymers found inmicroplastics are listed inTable 4.

According to Lambert, et al. [16], “Microplastic” is an umbrella term that covers
many particle shapes, sizes, and polymer types, and as such the physical and chemical
properties of environmental microplastics will differ from the primary microbeads
commonly used for ecotoxicity testing. In the Figure 2 is presented the physical and
chemical properties of MP, by concentrating particle size, particle shape, surface area
and crystallinity, as well as chemical composition, while considering the type of
polymer, additive compounds, and changes in surface properties) [16].

3.2 Legal and regulatory framework on MP

Microplastics are subdivided into two groups: primary microplastics and sec-
ondary microplastics [26]. The distinction between primary and secondary
microplastics is based on whether the particles were originally manufactured to be
that size (primary) or whether they have resulted from the breakdown of larger
items (secondary) [44]. It is a useful distinction because it can help to indicate
potential sources and identify mitigation measures to reduce their input to the
environment. Primary microplastics include industrial ‘scrubbers’ used to blast
clean surfaces, plastic powders used in molding, micro-beads in cosmetic formula-
tion, and plastic nanoparticles used in a variety of industrial processes [44, 45]. In
addition, spherical or cylindrical virgin resin pellets, typically around 5 mm in
diameter, are widely used during plastics manufacture and transport of the basic
resin ‘feedstock’ prior to production of plastic products. Secondary microplastics
result from the fragmentation and weathering of larger plastic items. This can
happen during the use phase of products such as textiles, paint, and tires, or once
the items have been released into the environment [44]. The rate of fragmentation
is controlled by several factors [46].

Figure 2.
Different microplastic physical and chemical properties to be considered in a prioritization framework [16].
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Plastics can be lost to the environment across their entire value chain [47],
which creates different opportunities (and challenges) to prevent leakage into
technical and natural systems [48]. In this context, it is useful to frame the separate
but interconnected issues of plastic pollution, which are nestled into one another
[47]. A list of microplastic sources entering the environment is presented in
Figure 3.

Some sources and pathways are interconnected (e.g., mechanical stress, plastic
waste, plasticulture) and some sources are stand-alone (e.g., primary microplastics
in products, targeted applications, or transportation losses), but collectively all
sources are part of the puzzle of how microplastic enters the environment.

Figure 3.
Environmental sources of pollution by microplastic [47].

Figure 4.
Sources of microplastics in natural ecosystems [50]: (a) different color and shaped microplastics collected from
seawater, shorelines, or marine sediments; (b) photomicrographs of the microplastics in facial cleansers; (c)
scanning electron microscopy image of microbeads found in cosmetics; and (d) scanning electron microscopy
image of a typical fiber from fabric [50].
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Microplastics in the environment are generally supposed to be a heterogeneous
aggregate of particles, which can be of both primary and/or secondary origins.
However, whatever the group to which they belong, depending on their physical
and chemical properties, the size and shape of the particles, the crystallinity, the
surface chemistry and the composition of the polymers and additives, the toxicity of
microplastics can be crucial for the environment [49]. In a critical review on the
sources and instruments of microplastics in marine ecosystems, Wang & al [50]
present a figure in which the landbased origins of primary and secondary MP are
well explained (Figure 4).

Although there is no specific international marine legislation regarding
microplastics so far, many proactive countermeasures have been taken – voluntary
or legally binding practices at international, regional, and national levels [47].
Indeed, the available literature on marine pollution reports the existence of three
global international conventions that deal with the problem of plastic waste in the
marine environment at the beginning of the 1970s: (i) the United Nations Conven-
tion (UN) on the Law of the Sea [51], (ii) the International Convention for the
Prevention of Pollution from Ships (1973) as amended by the Protocol of 1978

International instruments Period Specific contents

United Nations Convention
on the Law of the Sea

1982 Part XII (Articles 192–237): protection and control of marine
pollution from sea�/ land-based sources

MARPOL 73/78 1973 Annex V prohibits “the disposal into the sea of all plastics,
cargo residues, fishing gear including but not limited to
synthetic ropes, synthetic fishing nets and plastic garbage

bags”. (revised in 2011 and come into force in 2013)

London Convention 1972 To prevent the “deliberate disposal at sea of wastes and other
matter from vessels, aircraft and other structures, including

the vessels themselves”. (Annex I, paragraph 2)

London Protocol 1996 To prohibit the dumping of any wastes or other matter
including the export of waste to countries for dumping and
incineration at sea except for the materials listed in Annex I.

(Article 4.1.1, 5 and 6)

Basel Convention 1989 Include plastic waste and microplastics issues into the Basel
Convention workstream at COP 13 (Plastic waste in Annex II
Y 46 (Household wastes) and Annex VIII (Non-hazardous

wastes))

United Nations Environment
Programme – Regional Seas
Programme and Global
Programme of Action

2003 Regional activities in 12 regional seas

Manila Declaration 2012 Prevent marine litter from land-based sources and agree to
establish a Global Partnership on Marine Litter (GPML)

G7 Summit 2014 G7 Marine Litter Action Plan

G20 Summit 2017 G20 Marine Litter Action Plan

United Nations Environment
Assembly (UNEA) I

2014 Resolutions 1/6: put forward the issue of “Marine plastic debris
and microplastics”.

UNEA II 2016 Resolutions 2/11: measures to reduce marine plastic litter and
microplastics

UNEA III 2017 Resolutions 3/7: combating the spread of marine plastic litter
and microplastics.

Table 5.
Overview of current legislation, regulations and instruments related to microplastics [50].
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(MARPOL 73/78) [52] and (iii) the Convention for the Prevention of Pollution by
Dumping of Wastes and Other Matter (London Convention or LC, 1972) [53].

Table 5 shows an overview of current legislation, regulations and instruments
related to microplastics. Considering the abundance of microplastics in the envi-
ronment, their ability to absorb pollutants, their impact on living organisms, the
health and environmental authorities in several countries have applied the precau-
tionary principle by adopting a legal framework on MP. However, uncertainties and
gaps in the evidence regarding the effects of microplastics on the environment and
on human health prevent the adoption of more restrictive measures, with the
precautionary principle - in line to the World Trade Organization (WTO) obliga-
tions on international trade - only playing a minor role [54]. Available information
on current regional and national instruments related to microplastics is discussed in
Wang & al. [50].

4. Impact of microplastics on living organisms in natural ecosystems

The global plastics production has increased from 1.5 million tons in the 1950s to
335 million tons in 2016, with plastics discharged into virtually all components of
the environment [55]. The MPs present in the environment result from the
successive breakdown of larger plastic pieces or from the direct input of micro- and
nano-sized particles used in various industries and products available to consumers
[56]. Indeed, during their production, industrial and domestic use, and after such
processes, a considerable part of the plastics produced globally end up in the envi-
ronment. Moreover, Plastics rarely biodegrade but through different processes they
fragment into microplastics and nanoplastics, which have been reported as ubiqui-
tous pollutants in all marine environments worldwide [55]. In fact, plastics repre-
sent one of the fastest-growing portions of the urban waste contributing to
environmental contamination and pollution, with plastic debris accounting for
approximately 60–80% of all marine litter, reaching 90–95% in some areas
[55, 57–59].

4.1 Environmental occurrence

According to Lambert et al. [5] “Upon their release to the environment MPs are
transported and distributed to various environmental compartments. The distances
that an individual item will travel depends on its size and weight. Lightweight
materials can be readily transported long distances via a windblown route or carried
by freshwater to eventually accumulate in the oceans. During heavy rainfall events,
roadside litter can be washed into drains and gullies, and, where the topography is
favorable for it, can be carried to the sea”. Figure 5 shows a conceptual model
illustrating degradation pathways for polymer materials [5].

Once in the environment MPs are degraded through abiotic or biotic factors
working together or in sequence; these processes cause the polymer matrix to
disintegrate, resulting in the formation of fragmented particles of various sizes and
leached additives [5]. According to Lambert et al. [5] “there is a broad literature
dealing with the degradation of various polymer types under various conditions.
Most of these studies were performed in the laboratory and had a major focus on
samples exposed to high-energy UV irradiation”.

In the environment, MPs constitute a matrix of pollutants, composed of several
monomers and polymers (PE, PP, EPS, PET, PMMA, PTFE, PA, PU, etc.), metal
catalysts, additives: phthalates, retardants. Flame, bisphenols A and F, etc.), loading
materials (talc, Ti dioxide), adsorbed environmental pollutants (organic and
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inorganic, pathogenic agents, etc. The exposure of living organisms to MPs leads to
consider the interactions between the combined effects of different pollutants. The
characterization of exposure to microplastics will depend on: (i) the number of
particles; (ii) size distribution, shape, surface properties, polymer composition and
particle density; (iii) the duration of the exposure; (iv) the kinetics of absorption
and desorption of contaminants, vis-à-vis the plastic and the organism; and (v) the
biology of the organism [44].

4.2 Environmental effects

Microplastics have been detected in sediments, surface waters, estuarine and
marine waters [60–62]. The negative effects of microplastics on algae, mussels, fish,
and other organisms have been the subject of several studies and have shown
[20, 63–66]. Given the difficulty for large filter-feeding organisms (fins, whales, ..)
and zooplankton to differentiate between microplastics and food itself [27, 67],
cellular intoxication has been documented by ingestion by inadvertently adhered
microplastics with other pollutants [26, 25]. Flame retardants (chemicals derived
from plastics) have been found in birds [29] and phthalates in whales and
filter-feeding sharks [27]. Microplastics can affect growth and reproduction in
daphnids [28].

Alimba and Faggio [55] observed effects of MPs on marine vertebrates and
invertebrates, including asphyxiation by drowning, restricted diet and increased
starvation, skin abrasions and skeletal injuries (which are the basis of intestinal
mucosal damage, morbidity, and mortality), oxidative stress, altered immunologi-
cal responses, genomic instability, endocrine disruption, neurotoxicity, reproduc-
tive abnormalities, embryotoxicity and transgenerational toxicity [55].

Present in an environment, MPs can mimic the natural food sources of living
species [5]. 135 species of marine vertebrates and 8 species of invertebrates suscepti-
ble to entanglement, and 111 species of seabirds have been identified, among others,

Figure 5.
Conceptual model illustrating degradation pathways for polymer materials [5].
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among the species that ingest plastic objects [67]. Other studies have shown that MPs
wrapping loops are a threat to sea lions in California and fur seals in Australia,
respectively [68, 69]. Plastic bags have been identified as the main type of debris
ingested by sea turtles [70]. Figure 6 shows a conceptual model illustrating the
potential effects produced during the degradation of polymer-based materials [5].

4.3 Potential effects of microplastics on human health

The primary route of human exposure to MPs is the ingestion of foodstuffs, in
particular seafood which has ingested microplastics [30], processed commercial fish
[71], sea salt [72], honey [73], beer, food components [73]. Most of these food
products are sometimes contaminated by the presence of impurities in processing
materials and contaminants in packaging [74]. The second route of exposure is
inhalation of air and dust containing MPs [30]. Due to their nutritional value, seafood
plays an important role in human nutrition. Indeed, the consumption of seafood
represents 6.7% of all protein and about 17% of animal protein in 2015 [75]. The risk
of exposure is therefore great and increases with small fish eaten whole [46].

Several studies have highlighted the evidence for the presence of microplastics
in several commercial aquatic species such as mussels, oysters, crabs, sea cucumbers
and fish [76–78]. The results of this work suggest that humans are exposed to
microplastics through their diet and the presence of microplastics in seafood could
pose a threat to food safety [76]. The potential accumulation of microplastics in the
food chain, especially in fish and shellfish (species of mollusks, crustaceans, and
echinoderms) could have consequences for the health of human consumers [44]. In
this trophic context, the fate and toxicity of microplastics in humans constitutes a
major lack of knowledge which deserves special attention. The potential

Figure 6.
Conceptual model illustrating the potential effects produced during the degradation of polymer-based
materials [5].
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accumulation of microplastics in food chains, particularly in fish and crustaceans
(mollusks, crustaceans, and echinoderms), appears to be the main source of human
exposure to microplastics [44]. Contamination of food products with MP could
have consequences for the health of human consumers. In this trophic context, the
fate and toxicity of microplastics in humans constitutes a major lack of knowledge
which deserves special attention.

The translocation of microplastics from the intestine to the circulatory system
and various tissues and cells in humans has been studied by several authors [44].
Indeed, Hussain et al. [79] have shown the absorption of PE particles captured in
the lymph and the circulatory system from the gastrointestinal tract. Exposure of
human macrophages to fluorescent microspheres of PS (1, 0.2 and 0.078 μm),
demonstrated particle capture driven by non-endocytic processes (diffusion or
adhesive interactions) [44].

5. Waste management, environmental pollution, microplastics and loss
of biodiversity in Port-au-Prince

5.1 The issue of solid waste in Port-au-Prince

Urban cleanliness and its variations over time reflect the aspects of each civili-
zation, [… ], the capacity of societies to legislate, to mobilize techniques and to
organize the complexity of urban services [80]. In developing countries (DCs),
however, the issue of urban cleanliness a priori highlights the weakness of urban
managers and institutions in terms of their capacity to manage the growing and
very heterogeneous flow of waste produced [81].

In Port-au-Prince, the capital of Haiti, solid waste management is practiced in a
context of rapid population growth and extreme urban poverty [82]. Indeed, urban
cleanliness and its variations over time highlight a clear discrepancy between the
objective of the waste management service (making and maintaining the city clean)
and the realities on the ground. The combination of the low rate of garbage collection
and high human densities accentuates unsanitary conditions in the city and repre-
sents a risk factor not only in terms of human health but also of the environment.
Also, vacant spaces, voids in the urban fabric of Port-au-Prince very quickly become
public landfill spaces [81]. In this urban space, notes Lacour [83], urban cleanliness is
established in the mix of most urban waste management systems where state and
private services coexist, as well as public funds and international funding, through
development organizations. In addition, the negative impacts (pollution, nuisance,
proliferation of rodents and insects, risk of disease, etc.), linked to the size, nature,
and unsuitable management methods of organic waste (landfill with other categories,
combustion, etc.), are generally very pronounced [83].

The characteristics of the waste management system in Haiti have been defined
as follows [84]:

• “At source, the general behavior tends to immediately remove unsorted waste.
Consequently, the nearest (common) public space becomes the preferred
outlet. This reflex is particularly predominant in rural and peri-urban areas and
the precarious neighborhoods of so-called “low-standing” urban areas.

• The existence of an informal circuit, said to be rather pragmatic, compensates
for the absence of an institutional waste management service in rural areas or
the dysfunction of this service in urban areas. This circuit is characterized by a
pre-collection by voluntary contribution, an individual (rural and peri-urban)

184

Environmental Health



or private (urban “medium standing” and “high standing”) collection, waste
disposal in non-dedicated spaces (vacant lots, gullies, etc.) spontaneously
transformed into wild dumps.

• The total absence of a landfill site that meets environmental standards, in terms
of waste categorization, development work for the control of discharges and
the recovery of leachate and biogas, odor management, animal control, etc.

• The practices of recycling organic waste, by feeding pets and livestock (free
and rope) are quite frequent at the level of pre-collection and collection points.

• The lack of information relating to the deposits of waste, in terms of their
masses, their compositions and their bio-physico-chemical characteristics,
through the seasons and rural, peri-urban and urban spaces, constitutes an
obstacle to the implementation, the monitoring and anticipation of
management strategies” [84].

5.2 The issues of plastic waste and microplastics in Port-au-Prince

According to the World Bank (2019) [85], in the Caribbean and elsewhere in the
world, marine pollution is linked to poor waste management on land: illegal dump-
ing, open burning or dumping of waste in streams. In addition, the quantity of
plastics reaches a concentration of 200,000 pieces of debris per square kilometer in
the northeast of the Caribbean. In this region of the world, about 85% of wastewater
is discharged into the ocean without having been previously treated; and, in island
countries more particularly - Bahamas, Greater Antilles (Cuba, Dominican Repub-
lic, Haiti, Jamaica and Puerto Rico) and Lesser Antilles - approximately 52% of
households are not connected to sewers. However, 14 Caribbean countries (more
than a third) have banned single-use plastic bags and / or styrofoam containers
(Figure 7).

In Haiti, the government issued on August 9, 2012, a decree prohibiting the
production, import, marketing, and use, in any form whatsoever, of polyethylene
bags and expanded polystyrene objects (PSE or PS or Styrofoam) for single food

Figure 7.
Caribbean countries that have banned single-use plastic bags and/or expanded polystyrene containers [85].
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use, such as trays, trays, bottles, sachets, cups and plates. On July 10, 2013, a second
decree was issued to ban once again “the importation, production or sale of
expanded polystyrene articles for food use”. In support of the second decree, the
ministries of the Environment, Justice and Public Security, Trade, and Industry as
well as Economy and Finance announced in a note published in January 2018 that
brigade’s specialists will be deployed on the territory to force the application of the
said decree.

To better approach the problem of plastic and microplastic waste management
in Port-au-Prince, it is important to look at the waste management system. In Haiti,
the National Solid Waste Management Service (Service National de Gestion des
Résidus Solides (SNGRS)). This public institution has the status of an autonomous
body, and an authority which extends over the entire territory of the country.

In the agglomeration of Port-au-Prince, there is a single space that has been
officially designated to receive any type of waste. Due to the insufficient capacity of
public actors to collect all waste, it ends up in different types of space according to
different logics [86]. The uncontrolled presence of waste induces a certain number
of potential nuisances. It is therefore necessary to consider the health risk classically
associated with waste [87], as a vector of pathology and contamination of natural
resources [86]. Beyond the environmental dangers generated by chemical sub-
stances and pathogenic microorganisms present in solid waste, the latter not only
obstruct traffic routes, but are also a source of flooding by blocking irrigation canals
and gullies (Figure 8).

Port-au-Prince’s marine ecosystem is liable to suffer locally profoundly serious
damages caused by the direct discharge of urban effluents [88]. Indeed, the dis-
charge of contaminants in natural ecosystems, by example water bodies pose a
significant concern to water quality and to the health of aquatic organism because of
not only the varied types of pollutants that impact these systems, also because of the
many ways pollutants can affect the health of aquatic organism [89].

With the tropical temperature of Haiti and the average daily duration (12 hours /
day), the plastics present in the urban water canals could degrade more quickly by
generating microplastics. Their discharge in the bay of Port-au-Prince exposes this
ecosystem to environmental dangers [90], that of pollutants contained in wastewa-
ter, and that of climatic hazards, in particular the acidification of the oceans. The
stress of benthic organisms (coral reefs, bivalves) should then be observed and
monitored.

Figure 8.
Uncontrolled presence of waste in public spaces in Port-au-Prince. (left illustration - unauthorized deposit of
household waste along a road [86]. Right illustration - unauthorized deposit of PSE or PS or Styrofoam waste in
the largest urban water collector in Port-au-Prince).
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6. Conclusion

The presence of microplastics in the environment first and foremost generates
environmental health hazards, which need to be increasingly identified and
assessed. Most of the research in the field of environmental pollution from
microplastics has been carried out on aquatic ecosystems. There then arises the need
to initiate research programs on terrestrial ecosystems.

The future of MPs in the environment represents real research challenges.
Indeed, there is a lack of knowledge at the local and national level of the different
flows. At the global level, the toxicological reference values have not yet been
obtained. Human dose–response relationships need to be investigated on the basis
of still possible animal species exposures.

The field of environmental assessment of MPs, in the Caribbean for example, a
priori calls for transdisciplinary approaches. Indeed, this region of the world, thanks
to its tropical climate and the Caribbean Sea, makes tourism one of its main devel-
opment niches. Pollution from plastic waste exposes its economy to a risk of eco-
nomic imbalance. In the case of Haiti, beyond the urgent need to review its public
policies in terms of urban water and solid waste management, the pollution of
ecosystems by MPs highlights the need to initiate real research work. in the field of
marine ecotoxicology.
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Chapter 12

A Review of Alternative Marine
Fuels
Şevket Süleyman İrtem

Abstract

Today, ships navigating all around the world are not allowed to emit SOx more
than 0.5%. Same regulation for nitrogen has already come into force. More and
more nations are becoming aware and concerned about the negative effects of
climate change, whereas many countries are already feeling the effects of harmful
greenhouse gas emissions. Therefore, the world’s fleet needs a new fuel types, which
are alternative to conventional petroleum-based ship fuels. Benefits such as low
sulphur standards accompany all alternative fuel options. As will be discussed
further in Section 2, there are challenges and limitations associated with CO2

emissions along with benefits. The review of the literature and field shows that the
impact of these current choices on the management and environments is still not
bright enough, although each alternative has consisted entirely different effects in
their body and each alternative pose specific risks to the environment, crew,
management and port states. This chapter gives a review on the impact of each
alternative fuels on the environment. In addition, the chapter touches upon
handling of risks associated with alternative fuels and technologies.

Keywords: Global Warming, Alternative fuels, Shipping, Emissions, LNG, HFO,
Methanol, Greener Shipping

1. Introduction

An ocean-going vessel has been thought of as a critical factor in the transporta-
tion of the goods all around the world throughout the history. As a political goal of
the regions, the financial growth has been maintained since the industrial revolu-
tion. However, these rapid changes are having a severe effect on the environment.
The consumption of the combustible and flammable elements has significantly
accelerated with the increase in international trade. Air pollution and its impact on
the environment have been a subject of research since the 1850s. Emission from
factories and transportation vessels is a significant area of interest within the field of
climate. In the new global economy, the environment has become a central issue for
human health. Previous studies have reported that the leading cause of some of
diseases is industrialization and transportation. For example, respiratory tract dis-
eases such as asthma, trachea, bronchioles, alveoli, pleura, apnea are increasingly
recognized as a serious, worldwide public health concern [1]. Alternatives to cur-
rent oils are becoming an instrument in the transportation sector. Recent evidence
suggests that it is required an alteration from fuel oil to Liquefied Natural Gas
(LNG) or Methanol due to the limited sources and the adverse effects of the
emissions on the human health and environment [2]. Investigating zero emission is
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a continuing concern within environmental science. The sections below provide an
understanding of each alternative fuels such as a LNG, a Liquefied Petroleum Gas
(LPG), a methanol, a Heavy Fuel Oil (HFO) with scrubber technology based on the
literature and Authors’ technical visits some shipping companies.

2. Liquified Natural Gas (LNG)

In the management booklet of TarnTank, the significant information about LNG
has been given. The information was given in the manual are listed below [3]:

LNG consists of methane (CH4) and other substances. It’s form can be changed
by cooling down to �162°C at atmospheric pressure. By converting the gas form
into the liquid form, the volume is reduced 600 times compare to gas form. This
reduction makes it easier to transport and store. Typically, LNG tanks contain three
times the capacity of an equivalent volume of heavy fuel oil. LNG also contains
small quantities of nitrogen, ethane, propane, butane, and some other trace com-
ponents, with the proportions varying according to the source of the LNG and how
long it has been ageing. Cryogenic hazards could occur due to LNG, since it has a
low temperature. Natural gas has a flammability range of between about 5% and
15% by volume when mixed with air. As an example, �187°C is a flashpoint. 530°C
is autoignition degree means that natural gas is not readily ignited by hot surfaces –
unlike marine gas and fuel oil, which can be readily ignited by hot surfaces such as
unlagged exhaust systems, a primary cause of engine room fires. After the opera-
tions, some LNG can be trapped in the transfer line. If this amount meets with heat
ingress, some local pressures can occur, and this high coefficient of volumetric
expansion can cause pipe bursts as shown in Figure 1. This burst leads to the release
of natural gas.

70 Bar (g) is the critical limit for the pipe structure. After one hour of the line,
pressure reached 70 Bar, rupture of the pipework or equipment is highly likely.
“Thermal relief valves” are being used to maintain release trapped gas or liquid. The
first LNG fuel oil ship started to operate in 2000. Statistics dated first March 2018
showed that the number of LNG powered vessels reached to 121 whereas 127 new
ship started to be built by shipyards [4]. In general, in a new ship construction, the
highest cost of the investment belongs to engine compartments. Engines need to be
modified or wholly renewed according to the fuel oils planning to be used onboard

Figure 1.
Pipe burst due to the high coefficient of volumetric expansion.
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the vessels. A few former companies find the solution to use the hybrid fuel-
powered engine. For instance, the MT TarnTank, which is LNG powered vessel,
fuel gas supply system is designed for both the gas-fuelled engine and conventional
type fuel engine. LNG powered engines are one of the most widely used groups of
alternative fuel oil engines in Nordic countries. As the emissions shown in Figure 2.,
liquefied natural gas is very clean source. The releasing of SOx is %99, NOx %97 less
than heavy fuel oils whereas CO2 emission is high.

The energy density of liquefied natural gas is higher than heavy fuel oil. Despite
its environment-friendly and efficacy, ship-owners suffer from several significant
drawbacks: time loss to invest, spare parts, bunker supply, cost, educated crew to
run this engine. By the help of IMO’s regulations checklist shows the proper way for
the bunkering operations of LNG. The main questions in the TarnTank Company
checklist are about [3]; communication between the regulating authority, bunker
deliverer and receiving vessel about safety and emergency response plans. Risk
assessment forms are filled and discussed by each side, physical situation of the
manifolds must be in operational range, LNG transfer profile (ratio/time) and
vapour management schedule has been agreed upon, the receiving tank volume and
temperature before bunkering must be within acceptable limits, temperature, pres-
sure, methane number properties of the LNG must be acceptable, handling trapped
volumes after an Emergency shutdown system for LNG bunkering – Electrostatic
discharge (ESD) must be agreed upon, freeboards and the tidal and operational
effects of the draft must be agreed, the ship must be ready for any shifting because
of weather conditions, wavelength, wave height, wind speed, lightning is another
critical point, the ships or other obstacles are essential in the Swinging Circle,
cryogenic protection systems such as water curtains and insulated hose saddles
must be compatible?, Safety zone should be established, Ship-Shore Connection box
must be checked and ready to use. In the booklet, they call it as “Grounding and
hose connection - a grounding cable from ship to quay must be connected and
followed by bunker hose connection.”, visual check must be done, stripping and
purging, hoses must be drained before disconnection, disconnection of hoses and
grounding.

3. Heavy Fuel Oil (HFO)

After the decisions of IMO, the debates and preparations for the new world
combustion system had already started for decades. The industry intends to make
investment decisions by the lights of the expert’s predictions, but the experts do not
have any specific clue about the future. Since ships were operating around the

Figure 2.
Emission Decrements.
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world, thus exploitation of the resources has been continuing making the prices of
oil increase. However, what happened in 2015? The prices of oil fall dramatically
from 120 USD/ton to 30 USD/ton against the market predictions [5]. In 2018, it was
raising to 100USD/ton again, and the predictions were to reach 400 USD/ton.
However, the other experts are expecting that the prices are going to fall again since
the consumption of oil is decreasing.

The price of HFO is directly affected by the ship’s operational costs since an
average Panama Size ship consumes 24 ton in a voyage day. So, for the shipowners
who are entirely in debt to banks with loans, this kind of investments are critically
important. One prediction for the future is evident that half of the today’s ship
owners are going to bankrupt after 2020. HFO is still an option when the ship-
owners and operators are concerned about the price increase and availability of
complaint fuels but to be an alternative. HFO price graph is given in Figure 3.
Scrubber technology makes HFO reasonable for managements which is installed by
shipyards. To install this unit shown in Figure 4, significant investments must be
paid [6]. An average Handymax ships conversion cost calculated as 6 million USD.

Current operational expenses such as sludge handlings, chemical consumables
will go up by increased power consumption. In Figure 5 the types of the scrubber
technologies can be seen.

This scrubber technology, which is shown in Figures 4 and 5, can be adapted to
new building vessels as well as currently navigating vessels.

In MS Fryken, a scrubber laboratory is carrying out experiments for Chalmers
University. Obtained test results indicated so far that the scrubber technology has a
potential to meet both 0.5% and 0.1% emission regulations. In Figure 6, we can see
a closed-loop scrubber system. If in an open-loop system, the sea water is used to

Figure 3.
Fuel Oil Prices last 15 years [5].
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wash out the SOx in the exhaust, then in the closed-loop system uses chemicals such
as caustic soda [8]. Closed loop scrubbers are installed on ships which are sailing in
freshwaters [6].

In the open loop system, the used seawater discharge back to the sea.
Discharging to the water in some locations is prohibited according to the MARPOL.
Since the other ports will force the same regulations in the next years, a hybrid type
of scrubbers is most likely to be used in many ships.

Current fuel type HFO has an extensive distribution network, and the engineers
onboard are familiar with handling and operating the current fuel oil. The technical
departments of the shipping companies work as an advisory team and technical
problems in an average aged ship happen quite often. This advisory team is familiar
with HFO and they can respond to any problems very promtly. Primarily by the

Figure 4.
Scrubber Unit [6].

Figure 5.
Scrubber technology types.
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influence of the technical department which consist of chief engineers, the shipping
companies will insist on using HFO until it will disappear from the market. This
prediction shows that the ships yards are going to be entirely busy with handling
scrubber installations to meet the rising demand for scrubber technology.

Related to the safety domain, current HFO has its own risk inside. Currently, most
of the ships in themarket are using HFO andMGO as consumption. During the voyage
in open seas, the engines use HFO, in the ports the generator runs by MGO, in the
Sulphur Emission Control Area (SECA) areas they run with LSFO. Since the operating
temperature is different (for example MGO is usually operated at 35C, and HFO is
mostly at 135C), the risk of thermal shocks is highly possible during the oil change
over. This shock may damage the structure of the pipeline and fuel systems [9].

4. Methanol

Methanol (CH3OH) is the purest alcohol, consisting of a methyl group (CH3)
linked with a hydroxy group (OH). It boils at 65°C and solidifies at -94°C [10]. It
has no colour and has an odour that is similar to ethyl alcohol. It consists of low
carbon and high hydrogen contents. Methanol is the primary material of the deriv-
atives of which is used to produce various compounds for daily living needs. For
example, in building materials, perfumes, plastic bags, pharmaceuticals, paints,
coatings. It is produced by natural gas, coal, biomass, bio-reshaping. Methanol can
also be produced through gasification of coal and a cheap method with the widely
available resource. The design and processing conditions may vary depending on
the composition of the coal used as a feedstock. Methanol produced from coal has
twice as high GHG (Green House Gas) as from natural gas. It can also be produced
from virtually all biomass such as wood, algae, municipal and agricultural waste

Figure 6.
Closed-Loop Scrubber [7].
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through gasification. As an example, black liquor from pulp industry can be gasified
and used for methanol synthesis. The chemicals are recovered and reused. A plant at
the Smurfit Kappa paper mill in Piteå, Sweden started to produce dimethyl ether in
2010. Diesel engines can be operated by dimethyl alcohol. With a volume of meth-
anol, it is easy to reached the same energy level with 2,5 times larger volume of fuel
oil. The flash point is low (11°C, 12°C) and guidelines are currently in the draft for
incorporation into the International Maritime Organization’s recently adopted
International Code of Safety for Ships Using Gases or Other Low-Flashpoint Fuels
(IGF Code). The risk and safety analysis carried out for the SPIRETH Project
(Alcohol Spirits and Ethers as Marine Fuel), which was co-coordinated by SSPA and
ScandiNAOS and tested methanol and DME as ship fuels, contributed to the devel-
opment of the IGF code [11]. Pilot Methanol was initiated by JIP 6–7 to prove and
showcase that methanol is an innovative, safe, and sustainable fuel for shipping. EU
project aims to demonstrate methanol as a cost-effective, clean, and comfortable
fuel alternative with an easy infrastructure implementation [12]. The Zero Vision
Tool (ZVT) platform was focusing on the research of methanol usage, converting
the MF Stena Germanica to be capable of running on methanol fuel, It is possible
that more ships in the Stena Line Fleet would be converted to methanol ships to be
operated in the Baltic and the North Sea.

5. Research results

HFO with scrubber, LNG and Methanol are the most excellent alternatives for
the transformation of the industry. These three options are compared in the
Table 1. According to todays and future expectations of price, infrastructure, regu-
lation, availability, environmental impact, technology, capital and operational
expenditures [13].

The technology used in the maritime industry has been bringing innovation to
maintain safety and efficiency [14]. By this development, the data transfer between
ship and shore became more available. More information onboard the vessels would
help us to establish a higher degree of accuracy models.

Some machine learning tools were tested with real sample data from a ship
which navigated from Norfolk to El Dekheila. The sample data used in the calcula-
tions are presented in Table 5.

In the pre-processing term for data cleaning, the columns “average speed, wind
force, RPM, slip, swell” were selected to prevent overfittings of algorithms. Conse-
quently, data science algorithms suit very well with these current sample data.

CRISP-DM “Cross-industry standard process for data mining” methodology
which is given in Figure 7 is one of the most common data science methodology
[16]. When the procedure applied according to the CRISP-DM figure with the
sample data, the model learned and predicted the columns successfully.

This model is based on correlations. Isabelle et al. (2013), draw our attention to
the differences between correlation and causality, and difficulties of “Cause and
Effect Experiment” [17].

By analysing data collected continuous data from onboard, it is possible to find
causes of the events and prevent disasters as well as preventing climate changes,
economic changes, epidemics, cancer. Ships are real-life laboratories for this meth-
odology. Besides this, it proposes an evaluation methodology to take the right
decision for company perspective.

Qualitative methods are mainly basing on expert’s experience. However, when it
comes to alternative fuel oils, the industry has not got enough experiences yet. We
can say that; these qualitative methods are suitable for pre-AI shipping industry
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HFO- Scrubber LNG Methanol

Price The price is expected to
drop significantly due to
low global demand.

The price level is
competitive. With MGO
and expected to be
competitive with low-
sulphur HFO. It is
predicted that the
competitiveness of LNG
with scrubber high-
sulphur HFO is also
possible.

Since methanol is
produced mainly from
natural gas, its price is
dependent on natural gas
prices. The price of
methanol can be lower in
case of production from
coal. However, the latter
may have an adverse effect
such as increased Green
House Gas emissions. The
production costs of
methanol from hydrogen
and CO2 are higher than
the costs of methanol
synthesis methane.

Infrastructure Well-developed
infrastructure. It is
uncertain whether in the
future bunker suppliers
will still be available at all
geographical locations.

LNG in principle is
available worldwide, and
investments are underway
to make LNG available to
ships. LNG bunkering
vessels, bunker truck and
permanent bunker depot
will continue to grow.

Truck or bunker vessels
can accomplish the supply
of methanol to ships. Stena
Lines has developed a
dedicated bunkering area
in the port of Goteborg
which includes a safety
barrier to avoid problems
associated with methanol
leakage.

Regulation The IMO MEPC limited
the sulphur content of ship
fuels to 0.5% worldwide
and 0.1% in sulphur
emission-controlled area.
However, it is permissible
to continue burning HFO
and use scrubbers to clean
the exhaust gas to achieve
an equivalent level of
sulphur emissions.

The IMO IGF came into
force for the design and
construction of LNG
fuelled ships. Bunkering
LNG fuelled ships are
subject to national
regulations. Some ports
have established local rules
for bunkering.
Organisations such as ISO,
IASC, SGMF developed
requirements and
guidelines for LNG
bunkering.

The chapter for methanol
in the IGF Code which is
for all gas and other low
flash point fuel ships is
currently under
development. Some other
projects (i.e. SEDNA) are
running to establish
guidance for three
bunkering processes;
Truck to Ship, Shore to
Ship and Ship to Ship.
Also, class companies such
as DNV GL has released
rules for low flash point
fuels that also includes
methanol.

Availability Available. The production capacities
of LNG have no limitations
and are expected to
increase.

In 2016 the global
methanol demand was
around 80 million tonnes.

Environmental
Impact

Oil-based ship fuel has a
more significant
environmental effect than
alternative fuels. The
sulphur content, particle
emissions, NOx, CO2 of
even low sulphur ship fuels
is much higher than of
alternatives.

Natural gas from LNG is
the cleanest fossil fuel
available today. There are
almost no SOx emissions to
it; particle emissions are
very low, the NOx

emissions are lower than
those of Marine Gas Oil
(MGO) or Heavy Fuel Oil
(HFO). Methane release
must be considered.

With clean-burning
methanol qualities as a
marine fuel, methanol can
reduce emissions of
sulphur oxide by 99%,
nitrogen oxide by up to
60%, particulate matter by
95%.
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HFO- Scrubber LNG Methanol

Technology Scrubber technology is
readily available to clean
exhaust gases of oil-based
ship fuels. In addition to
scrubbers, selective
catalytic reduction and
exhaust gas system will be
required to comply with
NOx emission limits.

Gas engines, gas turbines,
LNG storage and
processing systems have
been available for land
installations for decades.
All above necessary
process equipment are also
commercially available.

There are two main engine
options for the methanol-
powered vessel: two-stroke
diesel-cycle engine and
four-stroke lean-burn
Otto-cycle engine. The
only single two-stroke
diesel engine is currently
commercially available.

CAPEX The investment costs for
scrubbers’ range between
$650/kW (5000 kW
engine) and $100–$150/
kW (40,000 kW and
larger engines)

The CAPEX is decreasing,
as LNG technology is
developing quite rapidly
and the competition
between suppliers is
increasing. Compared to
scrubber system with HFO
the CAPEX cost for LNG is
and continue to be higher.

The cost for installation of
methanol systems
onboards the vessels (e.g.
internal combustion
engine, fuel tanks, piping)
is three times cheaper than
the costs associated with
LNG systems. No need for
cryogenic temperatures
and pressurized fuel tanks
as in LNG.

OPEX The operational costs of
scrubbers are composed of
the cost of maintenance
and energy consumption
(pumps, scrubbing unit to
remove the SOx from
exhaust gases).

The OPEX cost for LNG
systems onboard ships are
almost the same as for
conventionally fuelled
system. However, the
maintenance of gas
burning engine in case of
LNG used may be less
expensive owing to its
cleanliness.

The cost of OPEX is
expected to be similar to
that of oil-fuelled systems
without scrubber
technology. Also, the
benefit can be gained,
since some ports offer
discounts to alternative
fuelled ships.

Table 1.
Comparison of HFO - LNG- Methanol.

Figure 7.
CRISP-DM Process [15].
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conditions. Today the shipping industry is living its technological age. The most
significant benefit of this age is “being available of data transfers from ship to
shore”. With these advantages, we are going to find the opportunity to develop
autonomous ships.

While the shipping industry is talking about autonomous ships, the rest of the
industry has already started to use robots and artificial intelligence in the industrial
activities. However, before the autonomous ships get into forced, we should find
answers to these questions:

• Is it possible to collect any data for data mining application onboard the
vessels?

• What can we use this data for?

• Is it possible to use these data to evaluate the risks of each type of oil?

• Is it possible to teach a machine by supplying the flowing data?

• Is it possible to develop a machine learning system which prevents accidents by
prediction?

• We learn that to set a laboratory for “Cause and Effect Studies” is costly and
has many other problems. How about onboard the ships?

In the current study, an empiric data mining and machine learning was applied
to the real sample data from a vessel which is given in Tables 2 and 3.

Av. Speed Wind Force RPM Slip Swells

13.52 4 105.00 10.8 E

13.2696 6 104.80 12.3 E

13.4958 6 105.20 11.09 E

12.8652 5 106.50 14.69 W

12.75 6 107.56 17.85 W

13.0087 5 107.75 16.34 W

12.7958 7 107.88 17.82 W

12.2167 6 108.07 19.42 W

12.5609 6 107.55 19.07 W

13.1583 5 106.57 14.45 W

13.3042 3 105.21 14.00 W

13.4261 4 105.02 13.04 E

13.8917 4 106.19 9.38 E

13.3652 4 105.35 13.72 E

13.3792 1 105.35 12.84 E

13.3957 5 105.28 13.46 E

13.7125 4 105.43 12.38 E

Table 2.
Extracted Voyage Data From Table 5.
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When we look at the literature on data science methodology, we come across
with different kind of analytics. Autonomous ships must use descriptive analytics
that recognise the data, predict the data based on the description, then prescript the
data and take action according to the traffic congestion found and predict the
current condition from the history of the data. Prescriptive Analytic uses the results
of the descriptive and predictive analytics. While descriptive analytics are evaluat-
ing the current data, Prescriptive Analytics examine the data and gives suggestion
and takes the actions without a human. All the prescriptive systems are managed
and run by machine without a human.

As an empirical application, the author used the data given in Table 5 in order to
predict the data shown in Table 4. The data in Table 5 represents the real ship data
collected from a voyage between Port of Norfolk to Port of El Dekheila during
authors previous work experience with a largest shipping company in Turkey.

After performing following six-steps, the data presented in Table 3 was achieved.

1.Excel reader

2.Statistics

3.Scatter Plot

4.Partitioning

5.Decision Tree Learner

6.Decision Tree Predictor Scorer

With the scorer node, the author checked the accuracy of the learner by predic-
tion results.

Depending on the data’s properties, the accuracy rate has been changing. In this
data sets, the learner can predict the results with %33 accuracy. Healthier data and
different partitioning tools can decrease this rate.

As we understand from the tree in Figure 8 when the swell direction is from “N
or north”, the slip is going to be more than %14,5 which means that the consump-
tion of the fuel oil and greenhouse gas emissions are going to increase.

By the help of this simple prediction model, the company can easily predict the
engine slips from the up-to-date data getting from the ships. The distance of the

Correct classified: 2 Wrong classified: 4

Accuracy: 33,333% Error: 66,667%

Cohen’s kappa (κ) 0,2

Table 3.
Accuracy rate.

Row ID RPM Av. Sp Wind F Predicted slips

Row0 100 12 2 16.477

Row1 110 14 3 11.833

Row2 120 13 4 26.531

Table 4.
Predicted Slips.
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ship movement by one complete rotation of the propeller or the propeller pitch is
calculated by shipyard and written in the “ship’s manual”. Engine distance is calcu-
lated by multiplying the propeller pitch to propeller distances. For a certain time
period the ship movement distance can be calculated by engine distance. But in
reality, engine distance can vary due to weather conditions such as wind, current
and swells directions, fouling on the ship’s hull, etc. Therefore, the observed
distance might be less or more than engine distance.

Slip is a rate of the difference between the engine distance and observed
distance. The simple formulation showed below:

Slip ¼ 100� Engine Distance� Observed Distance
Engine Distance

(1)

Figure 8.
Decision Tree Results.
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If this machine learning model can be fed by long term data, the engine perfor-
mance under the same sea conditions can be predicted. In Table 4, the actual slip
rates predicted by the model. The daily slip, from the noon reports which is daily
given by ship captain, can be compared with the actual slip. In that way, by compar-
ing the daily slip with actual slip, potential problems associated with ship perfor-
mance could be spotted. Since there is not enough chief engineers who have
experiences with alternative fuel powered vessels, this kind of machine learning
algorithms is going to accelerate the experience accumulation in the technical depart-
ment of the companies. Shipping market could be ready for an engine evolution, but
the industry has not enough well-experienced engineers for this conversion.

If we can use the algorithms efficiently and feed the machine learning by real
ship data, the developing models can be trained and after be used to give predic-
tions and suggestion in a short time as well as well-experienced engineers working
at ocean-going vessels. By intensive use of algorithms, the market can close the gap
of the well-experienced engineers on alternative fuel powered engine.

Table 6 was generated to demonstrate what kind of element can affect the
bunkering operations. From the study visit to industry, some parameters were
found. During the fuel transfer, there are many parameters which can affect the
soundness of the operation;

• Illumination of the work area

• Sea condition

• Wind Force

• Tank pressure of

◦ Ship Tank

◦ Bunker Tank

◦ Line

◦ Manifold

• Density

• Temperature of

◦ Weather

◦ Ship Tank

◦ Bunker Tank

◦ Line

◦ Manifold

• Capacity

◦ Ship tank

◦ Bunker tank (rest)
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• Transfer rate per hour

• Working day of the assigned crew since embarked onboard

These parameters are dynamic and thus frequently change due to inherent
nature of the water. During the bunkering, assigned personnel observes the
changes. Here, we should bear in mind the associated human errors. Table 6
presents mentioned above main parameters that affect the bunkering operations.

By the use of ML algorithms, the shipping industry can learn about alternative
fuels more and more in the future, and the Table 6 is most likely to expand with
new columns.

6. Conclusions

Notably, the sulphur limit for automotive diesel is much lower than that for ship
fuel. Across Europe, it is at 0,001%, 100 to 500 times below the 2020 limit for
shipping. Therefore, it is most likely that the shipping industry will still be under
scrutiny regarding the sulphur limits in marine fuels. The International Maritime
Organization (IMO) has already taken steps to limit the sulphur content of ship
fuels to 0.5% worldwide from 1st January 2020. The IMO has recently adopted an
ambitious target to reduce GHG emission by 50% or from 940 mton (in 2008) to
470 mton (in 2050). This will serve as a driving force in introducing a broader range
of environmentally friendly fuels, propulsion solutions and energy efficiency mea-
sures. This study has reviewed selected alternative ship fuels such as LNG, metha-
nol and compared these fuels against heavy fuels oil with scrubbers in Table 1 in
terms of risks, price, infrastructure, regulations, availability of fuels, their environ-
mental impacts, technologies required, capital expenditure (CAPEX), Operational
expenditure (OPEX).

According to available research and information, LNG is the cleanest of fossil
fuels which can satisfy the demand of shipping industry for years to come. How-
ever, it is not totally carbon free. For example, the release of unburned methane
(so-called methane slip) could reduce the benefit of LNG over HFO. The prices of
LNG on the market are comparable to the process of HFO. The price of methanol
production also depends on which type of resource (e.g. natural gas, coal, biomass)
is used as a feedstock. However, the prices of methanol are higher when compared
to LNG and HFO. Although this methanol is gaining interest in the market because
of its sulphur free and it, therefore, has the potential to meet the current 0.1% SOx

emission in the Control Area requirements. Safety requirements for methanol as
low flash point fuel must be followed according to existing rules, eg. IGF Code,
which is still being expanded and developed by the IMO.

Being critical can also mean looking for reasons why we should not just accept
big risk prediction as being binominal. By generating a prediction model which is
fed by all aspects that leads to unwanted results such as fuel leakage, grounding, fire
etc. a pre-notification system can be developed as in Figure 9. To establishing the
similar model to the bunkering operations of alternative fuel oils, Table 6 was
generated. When we investigate the result of intended model what we are going to
predict is binominal which means this model predicts the existence of leakage by
answering “yes or no”. However, it is highly possible that the methodology of the
model can be extended toward answers which give possibility. By adding the possi-
bility to the answers, the results are going to be more meaningful.

The wellness of the crew onboard is also another critical issue. Today’s shipping
industry is on the way to autonomous, and most of the inventions brought
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simplicity to onboard. By the time this easiness coming, most of the ship operators
take advantages by reductions of the numbers of the crew onboard. While techno-
logical development has led to higher efficiency in maritime industry, some tasks,
e.g. maintenance of the equipment or machinery, have not been affected by tech-
nical development and must still be handled manually in an often time-consuming
manner [18]. Due to reduced staffing, these tasks must now be carried out by fewer
employees. Lundh and her colleagues found that many engine room engineers
reported using unauthorised shortcuts to be able to handle these tasks under time
pressure [19]. These unauthorised shortcuts increase risks onboard the vessels.
Briefly, the wellness of the crew must also be reflected in Table 6 and algorithms.

Moreover, the ergonomy of the engine room is also essential for the shipping.
For example, the study carried out by Lundh and her colleagues showed that the
design of the engine control room and engine room is crucial for how different tasks
are performed. According to this study, the design which does not support opera-
tional procedures, can induce an increased risk of exposure to hazardous substances
and the engine crew members becoming injured [18].
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Abstract

Climate change is one of the main challenges facing many countries, particularly 
developing countries, because of its negative impact on their various ecosystems and 
their socio-economic development, which very often leads them down a slow descent 
into poverty. This is because climate change can manifest itself in different forms 
such as climate variability and extreme events (droughts, epidemics, floods, storms 
and hurricanes), which can affect biodiversity and cause many human and animal 
diseases and deaths. In fact, the evolution of ecosystems is dependent on climate and 
environmental change and appears to be closely associated with many emerging or 
re-emerging diseases. In general, the ecosystems considered to be most exposed to 
climate change are those located in and around the intertropical convergence zone in 
particular. They are believed to be closely linked to the occurrence of several emerg-
ing diseases, particularly vector-borne diseases. For years, the Republic of Haiti has 
been experiencing the adverse effects of these global changes with a marked disrup-
tion of its rainfall pattern and prolonged periods of drought as well as a pronounced 
increase in temperatures even in high altitude areas. Although there is evidence 
that climate change is increasing the frequency of vector-borne diseases and may 
contribute to increasing the virulence of their pathogens, there are very few studies 
conducted in Haiti on the relationship between climate change and vector-borne 
diseases. The purpose of this chapter is to define the interrelationships between 
climate change and vector-borne diseases in Haiti by identifying avenues of research 
to better understand the effects of climate change on public health and to make 
appropriate recommendations to decision-makers to ensure proper management.

Keywords: Climate change, Vector-Borne Diseases, Ecosystems, Environmental 
Factors, Public Health, Ecological Sanitation (Haiti)

1. Introduction

Global warming is a serious threat to humanity [1]. At the global level, warming 
trends have not ceased to manifest. As evidence of this, global annual air tempera-
ture increased by nearly 1°C between 1880 and 2017 [2] and the years 2015 to 2017 
are considered to have been the warmest of all previous years within this period [3]. 
Moreover, the last three decades have been warmer than any previous decade since 
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1850 [4]. Long-term changes in temperature and precipitation are often accompa-
nied by heat waves and intense rainfall, increasing the risk of flooding [5], mainly 
in countries in the Caribbean region such as Haiti.

Climate change is often described as one of the most pressing environmental 
challenges we face worldwide [6]. The latest report of the Intergovernmental Panel 
on Climate Change (IPCC) has confirmed that climate is being affected by human 
activities and has also highlighted that this has multiple impacts on human and 
animal health. Indeed, the work of the IPCC puts into perspective the weight of 
industrialization in climate disruption through significant greenhouse gas emis-
sions. These actions are responsible for extreme hydrometeorological phenomena 
(droughts and floods), which can cause multiple cases of death and emergence of 
pathologies in living beings. Climatic disturbances are also at the origin of many 
infectious diseases, among which vector-borne diseases transmitted by hematopha-
gous arthropods such as dengue fever, Zika, chikungunya and malaria.

Climate change is a major threat to Haiti, even though it contributes very little 
to the phenomenon. Like the countries of Latin America and the Caribbean, the 
Republic of Haiti has been suffering for years from the adverse effects of global 
changes with a marked disruption in the rainfall pattern, the occurrence of prolonged 
periods of drought and a pronounced warming of temperature and air. As agricul-
tural productivity continues to decline, water resource management is becoming 
increasingly difficult. The upward trending emergence of vector-borne diseases such 
as dengue, Zika and chikungunya inoculated by invasive species of mosquitoes was 
observed in 2015. In the context of global climate change, dengue is considered one of 
the important diseases because of its high social impact recorded over the last three 
decades in the humid tropical world, with a risk of expansion into the temperate 
zone. According to the World Health Organization [7], dengue is the most important 
neglected disease today. Although it is reported that climate change is affecting the 
occurrence of infectious diseases, particularly vector-borne diseases, there have 
very few studies conducted in Haiti on the interrelationships between climate and 
vector-borne diseases. The purpose of this chapter is to define the interrelationships 
between climate change and vector-borne diseases in Haiti while conceptualizing the 
research in order to make the appropriate recommendations for their mitigation and 
the protection of public health. This chapter is divided into five sections:

• Climate Change and Environmental Degradation at a Glance: Global and 
Haitian Climate Change and Environmental Degradation;

• Impact of Climate Change and Environmental Change on Health;

• Elements of Epidemiology of Vector-Borne Diseases in Haiti

• Climate change and global health approach;

• Methods to combat climate change and vector-borne diseases

2. Climate change and environmental degradation

2.1 Main characteristics of climate change

According to the IPCC Third Assessment Report, the global average surface air 
temperature is projected to increase by 1.4 to 5.8°C by 2100 [8], with significant 
impacts on all elements of the global climate system. In addition, the fifth report 
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published in 2014 also reveals that all physical and biological systems on all continents 
and in virtually all oceans will be affected by temperature increases due to climate 
change [9]. Therefore, changes in climatic conditions and induced effects such as 
rainfall variability, temperature, humidity affect the human and ecological systems 
of the planet. However, rising temperatures and increased drought periods generally 
lead to new challenges that are very difficult for a developing country to overcome.

The IPCC [10] predicts that climate change will affect coastal areas in a variety 
of ways and indicates that current changes in temperature and precipitation are 
likely to increase the frequency of life-threatening events. Changes in climate 
variability will also have consequences for human health. Climate variables such 
as temperature and precipitation have a major impact on the hydrological cycle 
and changes in these variables will alter runoff and evaporation patterns and the 
amount of water stored in soils and aquifers. They could also degrade groundwater 
quality. For example, a reduction in aquifer recharge rates and groundwater runoff 
could increase contaminant concentrations in groundwater and the incidence of 
infectious diseases. Work carried out in the cities of Cap-Haitian and Les Cayes 
(Haiti) has highlighted the presence of Cryptosporidium oocyst in surface water 
[11–13] and groundwater used by the population for domestic purposes [14]. These 
resources are contaminated by fecal pollution and are a source of potential biologi-
cal risk to the health of the exposed population. Rainfall can promote the spread of 
infectious agents, while temperature promotes their proliferation and survival.

2.2 State of environmental degradation in Haiti

Developing countries (DCs) face the challenges of population growth, accelerated 
urbanization and poverty. On one hand, socio-economic inequalities and social polar-
ization have increased, and on the other hand, the heterogeneity of poor households 
has grown, including the increase in socio-economic inequalities and social polariza-
tion [15]. According to the data in the literature, some developing countries are more 
subject to the impacts of climatic variations, especially those with an “extreme” climate 
and/or those whose climate is close to that of the sea. Haiti is one of these, mainly due to 
its high population growth juxtaposed with conditions of economic and social poverty.

Located on the border of two tectonic plates (the North American Plate and the 
Caribbean Plate located under the Caribbean Sea) [16], Haiti is not only placed on 
the direct trajectory of extreme weather events such as storms and hurricanes, but 
is also the site of strong seismic activity that seriously damages its socio-economic 
development process [17]. In addition, in recent decades, the process of degradation 
of Haiti’s biophysical environment and its socio-economic decline has been exac-
erbated by climate change. Indeed, the second national communication on climate 
change and recent studies on the issue have revealed the high vulnerability of the 
country’s main strategic sectors to this occurrence. Haiti is exposed to environ-
mental threats such as sea level rise, the intensification of extreme weather events 
(hurricanes, floods, droughts, etc.), erosion and coastal pollution.

The demographic explosion currently characterizing the country is leading to 
deforestation, resulting in impoverishment and soil degradation. This deforestation 
makes the country particularly vulnerable to floods and erosion. Every year it loses 
about 1600 t/ha of land [18]. Figure 1 shows the impact of deforestation on the Pine 
Forest Biological Reserve [18].

Haiti has a geophysical environment characterized primarily by particular 
climatic, hydrological and biogeographic phenomena. Environmental changes 
such as deforestation, desertification, soil erosion and extreme poverty linked 
to its geographical location make the country increasingly vulnerable to climate 
change. According to 2014’sGerman Watch long-term climate risk index, Haiti was, 
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between 1990 and 2008, the Caribbean country most affected by natural disasters 
(epidemics, floods, storms and hurricanes). These phenomena demonstrate the 
extent to which climate change contributes to environmental degradation, i.e. soil 
degradation, water scarcity, water pollution, loss of biodiversity and the occurrence 
of diseases. Haiti ranks third among the countries most affected by climate risks 
between 1993 and 2012 [19].

For developing countries, particularly Haiti, climate change represents a new 
threat that adds to existing risks, interacts with them and amplifies them. The nega-
tive consequences of climate change are exacerbated by the increased occurrence 
of extreme weather events, such as major hurricanes. These, which are increasingly 
intense, threaten to undermine the functioning of the various sectors associated 
with the country’s socio-economic development, causing damage reaching alarming 
proportions of the national GDP. It is in this context and following the impetus pro-
vided by the Paris Agreement that the Haitian government, through the Ministry of 
the Environment (MDE) supported by the country’s key sectors and actors, pro-
ceeded to develop the National Climate Change Policy (NCCP) following a highly 
participatory and inclusive process. This policy seeks to establish the major projects 
of the Haitian State in this area. As such, it should serve as a guide for all sectors and 
actors who want to contribute to the fight against climate change.

3.  Impact of climate change and environmental modifications on health 
and vector-borne diseases

Climate change and environmental modifications are the main determinants 
of the changes observed in ecosystems that favor the occurrence of emerging 

Figure 1. 
Pine Forest Deforestation in Haiti [18].
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and re-emerging animal and human diseases. More than ever, veterinary and 
health authorities around the world have realized the need to better understand 
the problem of climate loading and environmental change as it is posed in the 
21st century in order to be able to prepare viable alert and response plans to these 
diseases, particularly vector-borne diseases whose proliferation appears to be 
closely linked to climatic parameters such as heat and humidity [20]. This situation 
is further complicated in countries such as Haiti, where significant environmental 
changes have been recorded in recent decades in terms of both forest cover and 
water resources.

Climate variability and change cause many cases of mortality and disease 
in humans and terrestrial and aquatic animals through the natural disasters 
they cause, such as heat waves, floods and droughts. The latest report of the 
Intergovernmental Panel on Climate Change (IPCC) has clearly shown that human 
activity is affecting the world’s climate and has highlighted that this has multiple 
impacts on human and animal health.

3.1 Proliferation of vectors responsible for animal diseases and zoonosis

For about four decades, the scientific community and a large part of the civil 
society of developed countries have not failed to express their concern about the 
threat of a catastrophe looming over the planet if certain countries, major produc-
ers of greenhouse gases, persist in refusing to change their modes of industrial 
production which are largely responsible for the present situation. In the history of 
humanity, never before have there been so many massive emissions of such gases 
that have caused pronounced climatic disturbances that are reflected, among other 
things, in changes in rainfall patterns according to regions and the occurrence of 
extreme weather events. It is agreed that such climatic upheavals are at the root of 
many emerging or re-emerging infectious diseases. Indeed, it has long been known 
that there is a positive correlation between climate change and the occurrence of 
these diseases. Indeed, the temperature of arthropods/vectors generally varies 
according to that of the environment in which they live, hence their high sensitiv-
ity to ambient temperature variations. These temperature variations, by acting 
on the biology of these vectors, interact with the infectious agents that they often 
harbor [21].

In addition to temperature variations, other factors such as rainfall and humidity 
also contribute to the creation of favorable environments for vector development 
[3]. Changes in land use and socio-economic factors (human behavior, movement 
of people and goods, etc.) have also contributed to increasing ecological imbalances 
conducive to vector proliferation, resulting in the introduction and local transmis-
sion of new emerging pathogens in many countries [22]. However, the role of 
climate in the occurrence of infectious diseases, particularly vector-borne diseases, 
is not easily established.

This has led the IPCC to issue constant alerts about changes in the transmission 
of infectious diseases by vectors such as mosquitoes and ticks [23]. The sudden 
appearance and spread in 2007 and 2014 in many countries, tropical and temper-
ate, of a vector-borne disease such as Chikungunya, which was facilitated by the 
extension of the distribution area of Aedes mosquitoes and the greater mobility 
of human populations. A similar scenario probably occurred in other temperate 
countries with other vector-borne diseases such as dengue and Zika as new areas 
of mosquito vector proliferation were established. Mosquito-borne diseases are 
climate-sensitive because the risk of epidemic disease increases or decreases in part 
with temperature, rainfall and humidity, which affect the life and reproductive 
cycle of insects [5].
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3.2  Increasing prevalence and incidence rates of emerging or re-emerging 
diseases

Epidemic peaks are generally linked to climatic disturbances, as was the case 
in 2015 with the El Niño phenomenon, which led to the resurgence of malaria, 
chikungunya, Zika, plague and dengue fever. Since 1950, 2015 was the most impor-
tant year in South America for Zika virus infection. Researchers have identified 
four school cases worldwide: plague and hantavirus in the United States, cholera 
in Tanzania, and dengue fever in Brazil, Thailand and Indonesia [3, 24]. Figure 2 
shows the emergence of several epidemic diseases around the world during the El 
Niño phenomenon of 2015-2016 [24].

Researchers have been interested in the high prevalence and especially the 
high incidence rate of Buruli ulcer observed in French Guyana since 1969. They 
compared the changes in rainfall in the region with the evolution of the number 
of Buruli ulcer cases over the past 40 years and showed that the reduction in 
rainfall and its runoff has led to the multiplication of areas of stagnant residual 
water serving as a breeding ground for the bacterium Mycobacterium ulcerans 
responsible for Buruli ulcer. This observation is not consistent with the gener-
ally accepted idea that reduced rainfall leads to a decrease in the prevalence of 
infectious diseases. On the contrary, it has been observed that swampy habitats, 
with the reduction of rainfall, have become more accessible and usable, thus 
increasing the level of human exposure to the bacteria still present in the aquatic 
environment.

3.3  Highlighting the interrelationships between health, biodiversity and 
ecosystems

Ecosystem change includes climate change, environmental change and related 
relationships and is believed to be closely associated with many emerging diseases 
[25]. The interrelationships between health, agriculture and ecosystems open a 
fairly broad door to the “One health” approach. They highlight how:

Figure 2. 
Emergence of several epidemical diseases across the globe during the El Niño phenomenon of 2015–2016. The 
four cases studied in detail (United States, East Africa, Brazil and Southeast Asia) are boxed in red [24].
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• the precarious nature of agriculture in poor regions, the strong dependence of 
the economy on agriculture and its vulnerability to pests/predators and patho-
gens can contribute to the loss of food resources, thus creating food insecurity 
with risks of deforestation as is the case in Haiti, and a great fragility of the 
population and the various livestock in terms of health due to the increased 
risk of infection;

• the increase in the use of the cheapest, and therefore most toxic, pesticides can 
have negative repercussions on the health of the population;

• Transboundary animal diseases can have a highly negative impact on inter-
national markets for animals and animal products. Indeed, diseases such as 
foot-and-mouth disease, bovine spongiform encephalopathy, swine fever, and 
avian influenza have caused economic losses in the tens of billions of dollars;

• Every hour, the oceans absorb one million tons of CO2, creating an increase in 
the acidification of the environment unsuitable for marine life.

It is currently recognized that infectious and parasitic diseases have medical, 
social and environmental dimensions and that public health actors must strive for 
a holistic, comprehensive approach to better understand the dynamics of their 
development, particularly those that are zoonotic. To this end, a strategy should be 
adopted that integrates data or advances from public health, animal health, agri-
culture and environmental sciences in order to identify the determinants and risk 
factors associated with the various health states at the Human/Animal/Environment 
interface. Such an approach is related to the “One Health, One Health” approach 
and requires, to ensure its success, a new form of collaboration that requires the for-
mation of multidisciplinary teams of scientists and the establishment of a platform 
for intersectoral cooperation at the institutional level.

In order to better manage the emergence or spread of zoonosis effectively, the 
ecological requirements of zoonotic pathogens and also the importance of anthropo-
genic factors must be taken into account. The unprecedented anthropogenic pressure 
on ecosystems in the context of global environmental change, which is constantly 
increasing, will continue to promote the occurrence of zoonotic diseases [26]. Thus, 
deforestation is a frequent source of emergence of zoonosis from wild animals. This 
is the case for diseases caused by West Nile virus and Nipah virus [27]. It is therefore 
important to consider the conditions of their emergence in relation to the environ-
ment and/or the organization of animal production chains, with particular emphasis 
on social factors (organization and functioning of animal husbandry and marketing 
structures). The governance of territories or geographical areas is another aspect that 
needs to be taken into consideration when organizing health management [28].

The CDC has presented a very good illustration of the impact of climate change 
on Human Health in the following Figure 3 [4].

CIRAD has developed an integrated approach to health that is a little broader 
than the conventional concept of “One Health”, which seems to us to be quite 
interesting, and which is based around the following major axes:

• incorporating knowledge from the human and social sciences, agronomy and 
environmental sciences into the approach;

• broaden the panel of conventional actors (doctors, veterinarians, public health 
practitioners) to include new institutional and social actors such as, on the 
one hand, government agents in the environmental (forestry, wildlife, water 
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management), agricultural or rural development sectors, and on the other 
hand, categories of social actors such as stockbreeders and farmers, peasant 
leaders, buyers and sellers of animal products as well as religious authorities.

The environment is continually changing. Therefore, this permanent change 
must be accompanied by adaptive and participatory methods to facilitate decision-
making, which is quite complex for public health actors. The more complex the 
health problem is, the more the actors must learn to manage this uncertainty related 
to decision making. This is why some experts propose a participatory modeling and 
simulation approach to guide consultation and decision-making. This approach is 
largely inspired by companion modelling [28].

The tools used lead the actors concerned by health in a given territory to coop-
erate, even though they do not necessarily know each other or work together. These 
tools enable them to work together to build a shared representation of a complex 
situation and to simulate actions and their effects in order to build consensual 
solutions. This approach also offers the possibility of integrating health control and 
surveillance actions into the territorial context. It can therefore accompany health 
management interventions, such as vaccination, drug distribution or surveillance 
and the emergence of new clinical cases in human or animal populations.

4. Elements of Epidemiology of Vector-Borne Diseases in Haiti

In recent decades, climate change has been the central theme of several interna-
tional environmental congresses. Climatologist Katharine Hayhoe has even stated 
that “all human beings aspire to the same thing: to live safely on our planet. So, 
while our work must remain objective and impartial, we are increasingly raising 

Figure 3. 
Impact of Climate change on public Health [4].
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our voices and supporting the clear message that climate change is real, that 
humans are responsible for it, that its consequences are serious and that we must 
act immediately”. It is that climate change is a multidimensional and interdisci-
plinary field that should be of interest to all human beings living on this planet. 
Its manifestations are indeed multiple, such as heat waves, warming and ocean 
acidification, which have important consequences on the life cycle of the main 
vectors responsible for animal diseases and zoonosis. It also favors the emergence 
of certain vector-borne diseases and the geographical extension of vector-borne 
diseases in temperate zones [5].

According to the World Health Organization, vector-borne diseases are respon-
sible for more than 17% of infectious diseases and cause more than one million 
deaths each year [29, 30].

4.1 Scope of action of vector-borne disease epidemiology

To fight vector-borne infectious diseases in humans and animals, it is important 
to know their epidemiology, i.e. to have relevant information on the pathogens, 
vectors and manifestations of these diseases. In other words, it is important to 
know, for example:

• whether or not the pathogenic agent is cultivable or not;

• the sources of the pathogenic agent, i.e. animal, environment, human;

• possible reservoirs and intermediate hosts;

• how the disease is transmitted;

• the length of the incubation period;

• the duration of the transmissibility period;

• the action of physical and infectious agents;

• the susceptibility of the pathogen to available anti-infective drugs.

The epidemiology of vector-borne diseases is directly related to: the distribu-
tion, competence and capacity of vectors (the competence of a vector is its ability 
to infect a vertebrate host, to ensure the development of an infectious agent and to 
transmit this agent to another host, while capacity is associated with environmental 
conditions and also depends on: (i) the competence of the vector and the rate of 
vector-host contact; (ii) vector density and longevity; (iii) the level of infectivity of 
the infectious agents, their host specificity and their resistance to anti-infective; (iv) 
human activities, environmental and climatic conditions that may influence vector 
distribution and activity, and vector-human interactions and animal reservoirs [21].

In the case of Haiti, epidemiology should enable the collection of more data on 
the impact of climate change on the clinical and epidemiological manifestations 
of vector-borne diseases, and determine the consequences of climate change on 
ecosystems in Haiti in terms of biodiversity, vector habitats and the transmission 
period of certain vector-borne diseases, as well as social parameters. It would also 
be interesting to identify the main changes observed in Haiti in the evolution of 
vector-borne diseases following repeated natural disasters (cyclones) and large 
variations in rainfall recorded in recent years.
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4.2 Vectors and infectious diseases in Haiti

As everywhere in the tropical world, mosquitoes are the most widespread vector 
in Haiti. But there are others such as ticks, flies, sandflies, fleas, triatomines and 
some freshwater gastropods such as limnea.

4.2.1 Infectious and parasitic diseases transmitted by insects in Haiti

The main insect vectors of infectious diseases in Haiti are:

• Aedes mosquitoes, vectors of Chikungunya, Dengue, Yellow Fever, Zika.

• Anopheles (Malaria)

• Culex (West Nile Virus Fever, Lymphatic Filariasis)

• Phlebotomas (Leishmaniasis)

In this chapter, we will be restricted to considering only the most important 
vector-borne infectious diseases such as: a. malaria, b. dengue fever, c. Chikungunya, 
d. Zika.

a. Malaria

Malaria is caused by Anopheles, which are responsible for approximately 219 
million cases worldwide and more than 400,000 deaths each year. In Haiti, malaria 
is considered a major public health problem with a fairly large spatial and temporal 
distribution in the West departments and that of Grand-Anse.

Figure 4. 
Map of the sites of the mosquito behavior studies in Haiti [31].



227

Vector-Borne Diseases and Climate Change in the Environmental Context in Haiti
DOI: http://dx.doi.org/10.5772/intechopen.96037

The following Figure 4 is an illustration of the main sites of mosquito behaviour 
studies.

The country has not been able to reach its goal of eliminating malaria by the 
year 2020 as planned. Additional information should be generated by epidemio-
logical studies on vector ecology in order to develop strategies to facilitate the 
eradication of this disease [31, 32]. In order to understand the direct and indirect 
impacts of climate change on malaria, the variability of malaria transmission as 
well as climatic and anthropogenic factors need to be analyzed. The sporogonic 
cycle of Plasmodium is related to the increase in air temperature and the life cycle 
of Anopheles is related to changes in their natural breeding habitat resulting from 
changes in humidity following acclimatization reactions of vegetation under 
climate change.

The indirect impacts of temperature change on soil moisture dynamics are 
important and should be balanced against the direct effects of temperature change 
on mosquito and parasite life cycles for the prediction and future control of 
malaria [29, 30].

b. Dengue fever

Dengue fever is the most common infectious disease transmitted by mosquitoes 
of the genus Aedes, which carry the virus responsible for the disease. Although 
it is a tropical viral disease, it should be noted that a dengue epidemic occurred 
in Madeira, Portugal in 2012. This highlighted the potential for re-emergence of 
dengue in Europe due to global warming and the extension of vector distribution 
areas due to climate change. The dengue virus is circulating in Haiti, but it is not yet 
recognized as a major disease in the population. In 2011, to assess the prevalence 
of antibodies against dengue virus (DENV), serum samples were collected from 
infants and young children aged 7 to 36 months (n = 166) and tested by seroneutral-
ization tests. Serotype 1 of the dengue virus infected 40% of this study population, 
followed by serotype 2 (12%), serotype 3 (11%) and serotype 4 (2%).It was found 
that 53% of infants and young children under 12 months of age had already been 
infected with DENV. The seroprevalence rate against DENV increased to 65% at 
36 months of age. Heterotypic antibody responses were an important component of 
the total dengue immunity profile [33].

In October 2012, 25 cases of dengue fever, confirmed by rapid diagnostic tests 
(RDTs), were detected among workers of non-governmental organizations (NGOs) 
in Haiti based in Leogane and Port-au-Prince to determine the extent and risk fac-
tors for dengue virus infection. Of the 776 staff members of the targeted NGOs, 173 
(22 percent; 52 expatriates and 121 Haitians) participated. Dengue IgM antibodies 
to dengue virus (DENV) were detected in 8 expatriates (15%) and 9 Haitians (7%), 
and the non-structural protein DENV 1 in one expatriate. Anti-DENV IgG antibod-
ies were detected in 162 (94%) participants (79% expatriates; 100% Haitians), 
and confirmed by micro-neutralization tests as specific for DENV in 17/34 (50%) 
expatriates and 42/42 (100%) Haitians. Of 254 nymphs collected in 68 containers, 
65% were AedesAegypti; 27% were Aedesalbopictus. Few NGO workers reported 
taking action to avoid mosquitoes (Table 1) [34].

A cross-sectional study of dengue virus (DENV) and West Nile virus (WNV) 
transmission was conducted using standard seroepidemiological methods. Blood 
samples (N = 673) were collected from 278 males and 395 females from three 
localities in the western and southeastern departments of Haiti. Serum was tested 
for the presence of anti-DENV and anti-WNV immunoglobulin G (IgG) antibodies 
using an indirect enzyme-linked immunosorbent assay (ELISA). Anti-DENV IgG 
antibodies were detected in 72.1% (95% confidence interval [CI] = 68.7, 75.5) of the 
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Variable NGO workers 
with recent 
infection†

NGO workers 
without recent 

infection

Crude OR* (95% 
CI)‡

p-value

n  = 17 n  =  156 n =  181

n % n %

Sex (male) 11 65% 120 77% 0.6 (0.19–1.59) 0.37

Expatriates 8 47% 44 28% 2.3 (0.82–6.24) 0.16

Occupation

Indoor setting (ex. 
Office/admin)

1 6% 32 21% 0.2 (0.03–1.9) 0.20

Outdoor setting (ex. 
Construction)

8 47% 68 44% 1.2 (0.43–3.38) 0.80

Mixed setting (both 
indoor and outdoor)

7 41% 50 32% 1.6 (0.55–4.42) 0.42

Vaccination History (YF 
or JPE)

7 41% 43 28% 1.8 (0.66–5.14) 0.27

Previously lived in or 
traveled to Other Dengue 
Endemic Regions

9 53% 70 45% 1.4 (0.51–3.8) 0.61

Lived in or Travel 
to Dengue Endemic 
Regions (incl. Haiti)

15 88% 155 99% 0.48 (0.004–0.57) 0.03

Environmental factors at 
work place

Screens on doors/
windows

8 47% 59 38% 1.5 (0.53–4.00) 0.60

Air-conditioning 6 35% 47 30% 1.3 (0.44–3.62) 0.78

Open water source 
nearby

9 53% 37 24% 3.6 (1.30–10.05) 0.02

Standing water source 
nearby

7 41% 45 29% 1.7 (0.62–4.82) 0.30

Reported knowledge of

Infectious disease in 
Haiti (very good)

6 35% 23 15% 3.6 (1.16–10.98) 0.03

Mosquito bite prevention 9 53% 31 20% 6.2 (1.92–19.72) 0.002

Mosquito avoidance 
strategies employed

Long sleeves 5 29% 50 32% 0.9 (0.30–2.64) 1.00

Long pants 5 29% 61 39% 0.7 (0.22–1.93) 0.60

Bed net 11 65% 101 65% 1.0 (0.35–2.85) 1.00

Mosquito repellent use

multiple times a day 7 41% 26 17% 3.5 (1.22–10.04) 0.02

*OR, odds ratio.
†Recent infection is any participant with a positive anti-DENV IgM or non-structural protein 1 (NS1) result.
‡Significance level, p < 0.05. Univariate analysis using Fisher’s exact test was used to assess risk factors for recent 
infection, and 95% confidence intervals (CI) were based on the modeling accounted for the sampling design. Only 
significant variables with a cell size of 5 or greater were retained.

Table 1. 
Risk factors for current and/or recent dengue virus (DENV) infection in non-governmental [34].
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sample population; without significant differences in seroprevalence by study site, 
gender or age group (see Table 2) [35].

There was a high prevalence of anti-DENV IgG antibodies in all age groups, 
including the youngest age group (2–5 years), suggesting hyperendemic transmis-
sion of DENV in the western and southeastern departments of Haiti. These results 
undoubtedly demonstrate the endemic nature of dengue fever in the country 
(Table 2).

c. Chikungunya

Chikungunya is an infectious disease caused by an Arbovirus belonging to the 
Togaviridae family, which is transmitted to humans through the bite of a mosquito 
of the genus Aedes, mainly AedesAegypti better known as the tiger mosquito. The 
chikungunya virus has been known since the 1950s when it caused major epidem-
ics in Southeast Asia and India. The wide geographical distribution of vectors has 

Dengue 
virus 
serotype

Derivation 
and height of 

antibody

Age groups in months (no. in sample)

7–12 
(49)

13–18 
(48)

19–24 
(31)

25–30 
(22)

31–36 
(16)

All age 
groups (166)

1 Dominant 32% 
(15)

54% 
(26)

39% 
(12)

36% 
(8)

31% 
(5)

40% (66)

GMT 357 448 591 615 452 465

(95% CI) (209–
608)

(290–
691)

(364–
960)

(289–
1,310)

(113–
1,803)

(366–591)

Cross-reactive 12% 
(6)

8% 
(4)

19% 
(6)

32% 
(7)

19% 
(3)

16% (26)

2 Dominant 15% 
(7)

6% 
(3)

10% 
(3)

18% 
(4)

19% 
(3)

12% (20)

GMT 257 607 1286 308 389 411

(95% CI) (46–
1,428)

(41–
9,009)

(250–
6,616)

(12–
8,043)

(141–
1,077)

(203–831)

Cross-reactive 20% 
(10)

38% 
(18)

35% 
(11)

46% 
(10)

43% 
(7)

34% (56)

3 Dominant 6% (3) 10% 
(5)

13% 
(4)

18% 
(4)

19% 
(3)

11% (19)

GMT 467 467 815 909 1807 678

(95% CI) (218–
1,002)

(218–
1,002)

(105–
6,316)

(200–
4,129)

(751–
4,351)

(391–1,176)

Cross-reactive 31% 
(15)

40% 
(19)

42% 
(13)

46% 
(10)

25% 
(4)

37% (61)

4 Dominant 2% (1) 0 3% (1) 0 5% 
(1)

2% (3)

GMT 33 125 280 133

(95% CI) NA NA NA (4–4785)

Cross-reactive 12% 
(6)

15% 
(7)

23% 
(7)

22% 
(5)

12% 
(2)

16% (27)

*GMT = geometric mean titer; CI = confidence interval; NA = not available.

Table 2. 
Serotype-specific antibody to dengue virus as a function of age, Haiti* [35].
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made it possible for the virus to emerge in many regions, as has been seen with other 
arboviruses, such as West Nile virus, which has been introduced and established 
on the North American continent since 1999. The first cases of chikungunya were 
detected in Haiti during April 2014, but the disease was detected in the Caribbean 
in St Martin as early as December 2013. Indeed, in a longitudinal cohort epidemio-
logical study of 153 serum samples collected between 2011 and 2013 and another 61 
collected in 2014, of those collected in 2014, none of the 153 samples were positive 
for IgG responses to chikungunya virus antigen, while 78.7% or 48 out of 61 were 
positive. In the cross-sectional sample, such responses were detected in 96 (75.6%) 
of the children and occurred at similar prevalence in all age groups [36].

Serological tests indicate that there has been a rapid and intense spread of the 
chikungunya virus in Haiti. The Ministry of Public Health and Population had 
reported a cumulative total of 39,343 cases between May 31 and June 16, 2014 in the 
10 departments with an infection rate of 67% for the West Department. By mid-
August 2014, more than 68,000 cases had been reported. However, after the peak at 
the beginning of June, the number of new cases per week had continued to decrease 
from over 12.000 to 315.

The disease left bad memories in the population because of the intense pain it 
caused through its clinical manifestations (signs and symptoms) including arthral-
gia, intense myalgia with sequelae that persisted for several months or even years. 
Although the clinical presentations of the diseases caused by these mosquitoes are 
similar, the arthralgia strongly suggests a Chikungunya virus infection [37].

d. Zika

Zika is an infectious disease caused by a flavivirus with a wide geographical 
distribution that is most often transmitted by the bite of an infected mosquito. The 
disease was first identified in the Americas in 2015 and was characterized by the 
occurrence of an abnormally high number of cases of congenital microcephaly in 
Brazil. It rapidly spread to the rest of the region and to the Caribbean including Haiti. 
Zika virus infection is associated with adverse fetal outcomes and rare neurological 
complications in adults [38]. The magnitude of the public health problems associated 
with Zika virus led the World Health Organization to declare the Zika virus epidemic 
a public health emergency of international concern on February 1, 2016 [38].

Because Zika was often an asymptomatic infection that did not necessar-
ily require care, it was difficult to estimate the true incidence of Zika infection. 
However, during the period from October 12, 2015 to September 10, 2016, the 
Haitian Ministry of Public Health and Population (MSPP) had detected 3,036 
suspected cases of infection in the general population, 22 suspected cases of Zika 
virus disease in pregnant women, 13 suspected cases of Guillain-Barré syndrome 
(GBS), and 29 suspected cases of Zika virus-associated congenital microcephaly. 
Nineteen patients with suspected Zika virus disease were detected, including 10 in 
the Western geographical department, 6 in Artibonite and 3 in the Central geo-
graphical department. These cases were confirmed by laboratory tests and included 
2 pregnant women and 17 in the general population [39]. The surveillance program 
needs to be strengthened and supported by a functional laboratory in order to bet-
ter monitor the evolution of the disease in Haiti.

5. Climate Change and The Global Health Approach

For the past fifty years or so, the world has been confronted with an unbridled 
population growth, a large part of which is forced to migrate to other shores to 
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ensure its survival. At the same time, never before in history have the adverse 
effects of climate change and the risk of ecological disasters been so evident. These 
changes are accompanied by other profound alterations to the environment, such 
as the loss of biodiversity, deforestation, soil erosion, acid rain and ocean acidifica-
tion. At the same time, the increase in life expectancy of the population and the 
unbridled process of urbanization have contributed to increased vulnerability to 
various environmental and health risks, particularly with regard to the occurrence 
of emerging and re-emerging vector-borne diseases for humans and animals. This 
has led to a holistic approach to human, animal and environmental health known as 
“One Health”.

5.1 Nature of the “One Health, One Health” concept or approach

This concept emphasizes that public health problems that generally involve 
human/animal/environment interaction are so complex that they cannot be solved 
by a single discipline but by a multiple, transdisciplinary and multisector approach. 
Indeed, it is generally accepted that the environment in which human and animal 
populations live together has changed considerably over the years, greatly influenc-
ing the occurrence of many infectious and even non-infectious diseases.

According to the American Veterinary Medical Association, the “One Health” 
approach can be defined as “the joint effort of several disciplines working locally, 
nationally and globally to optimize the health of people, animals and the environ-
ment. In other words, it is an integrated approach that recognizes that there is 
a close interdependence between the well-being of humans, animals and their 
ecosystem health [40]. Thus, this approach promotes the principles of harmoniza-
tion of human, animal and ecosystem health to better prevent and/or mitigate 
emerging diseases while noting that it can be applied to areas other than zoonosis, 
such as food safety, food security, antimicrobial resistance and response to the 
consequences of climate change.

Health problems are, in general, strongly linked to global environmental and 
socio-economic changes and to changes in production systems at the territorial 
level. This is what makes health management so complex as it mobilizes knowledge 
from both veterinary public health and agriculture and environment. Because of 
the emergence of new health uncertainties, unconventional actors are entering 
alongside the decision-makers traditionally in charge of public health [28]. In the 
context of climate change and outbreaks of vector-borne diseases throughout the 
world, including in the Caribbean including Haiti, the public health, animal health 
and environment sectors have three major challenges to address:

• The establishment of a platform for inter-organizational collaboration and 
communication to strengthen cooperation between the fields of human health, 
animal health and ecosystem health;

• Minimizing the impact of new emerging or re-emerging diseases by combining 
disease surveillance and emergency preparedness at the local, national and 
international levels;

• creating new methods and tools so that all of these actors can address health 
issues at the territorial level, the territory being understood here as a socially 
and politically constructed space and the seat of interactions between actors.

The real innovation of the “One Health” approach is the incorporation of the 
environmental component in the field of human and animal health. By using such 
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an approach, climate change adaptation methods are more likely to contribute 
to solving food security problems, particularly in developing countries through 
the promotion of extensive livestock production systems in areas with large land 
areas, the increase in animal feeds, environmental sanitation and the establish-
ment of regional integrated surveillance systems for certain vector-borne infec-
tious diseases. It is undeniable that integrated community-based surveillance of 
zoonosis can be a very promising avenue for reducing the health effects of climate 
change [41].

5.2  Positioning of the One Health concept in relation to human and animal 
health

Climate change and environmental change are part of the set of changes that 
affect ecosystems and promote the emergence and re-emergence of animal diseases. 
In recent years, more than 70% of these emerging infectious zoonosis have their 
source in wildlife [Black and Nunn, 2009] and about 60% of emerging infectious 
diseases are classified as zoonotic, i.e. transmitted from animals to humans [20].

Global warming contributes to the emergence of infectious diseases in the 
animal and plant world by exerting a marked effect on arthropod insects (mos-
quitoes, aphids, sandflies, fleas), on ticks that can harbor and transport viruses, 
bacteria and protozoa. In addition, it causes a thermal increase that increases the 
risk of extending the current geographical range of these species with the risk of 
transmission to animals and humans of diseases against which there is no natural 
immunity [28]. There are a number of meteorological and climatic parameters that 
can affect human and animal health. In addition to heat, cold, water, ozone, air, 
allergens and ultraviolet rays, these include heat, cold, water, ozone, air, allergens 
and ultraviolet rays.

5.2.1 In men

Some authors argue that climate change is the most significant threat to human 
health in the 21st century, associated with an increase in chronic diseases, health 
problems caused by extreme heat and floods, food shortages caused by drought or 
floods, and various diseases including respiratory problems. The effects of climate 
change on human health can be both direct and indirect. They are considered direct 
when they are related to the physiological effects of heat and cold and indirect when 
they result, for example, from changes in human behavior following forced migra-
tion, major natural disasters such as floods and earthquakes, or major outbreaks 
of food-borne or vector-borne diseases. Not all climate-induced changes are neces-
sarily negative for human health, especially those leading to a decrease in extreme 
temperatures [42].

a. Impact of heat and cold

In temperate countries, periods of high heat are sometimes accompanied by 
relatively high morbidity and mortality. It is estimated, for example, that in Europe, 
for a one-degree increase in temperature, heat-related mortality would increase by 
1–4%. Heat is an immediate health risk to be considered because it has been shown 
that nearly three-quarters of the hot days observed since 1850 are attributable to 
climate change [43]. On the other hand, cold can also cause illness and death among 
the most vulnerable, especially the elderly and homeless. Variations in temperature, 
especially those that are upwardly oriented, can be the cause of some foodborne and 
vector-borne zoonotic diseases.
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Food-borne bacterial infectious diseases such as salmonellosis and colibacillosis 
are generally sensitive to temperature and are becoming increasingly important 
every day even in developed countries such as Europe and the United States.

b. Impact of vectors

Vector-borne diseases result from the indirect impacts of climate change on 
biodiversity – arthropod vectors, pathogen reservoirs [44]. They are mainly trans-
mitted by arthropods, in particular insects and ticks. They are generally responsible 
for animal diseases.

c. Water-related problems of climate change

Climate change induces profound changes in the volume of water available in a 
given area, which can materialize either through heavy rainfall and flooding or through 
drought leading to a scarcity of water in this area for the domestic use of the population 
and for animals. Floods generally carry certain infectious and parasitic diseases, includ-
ing vector-borne diseases that are closely linked to the proliferation of mosquitoes and 
other vectors. Many outbreaks of waterborne diseases are due to the mobilization of 
pathogens or extensive contamination of water by fecal bacteria such as salmonella and 
coliforms. Thus, it is not uncommon to observe in Haiti outbreaks of anthrax or anthrax 
following cyclones and also an abnormally high number of gastrointestinal-dominated 
pathologies dominated by gastrointestinal disorders. Such contamination has generally 
had unfortunate consequences on the health of the population by rendering catchment 
waters that were intended for human consumption completely undrinkable.

Water-borne diseases are not necessarily related to floods since the lack of water 
can prevent daily hygiene practices, especially at the time of the new coronavirus 
pandemic or in countries where cholera is still prevalent. This lack of water, in some 
areas, can be extremely serious for the health of the population because it is impor-
tant to wash your hands with soap and water several times a day to protect yourself 
against these two diseases.

d. Air Quality

In many industrialized countries, there is a serious air quality problem resulting 
from environmental degradation caused by uncontrolled industrial activities. In 
these countries, various pathologies of the respiratory type appear, mainly linked to 
the presence of ozone and particles in the air.

e. Impact of ozone on climate change

Ozone is a major pollutant in the majority of industrialized countries and its 
increasing concentration is dependent on climate variability and change. The 
Republic of Haiti, like many other poor, undeveloped countries, is experiencing the 
consequences of the impact of ozone on climate change, which are more attribut-
able to the actions of neighboring industrialized countries than to its own agricul-
tural and industrial production activities. Rising temperatures could result in local 
increases in peak ozone and fine particulate matter levels [45].

f. Allergens in the air

Allergens such as pollen or molds can be dangerous at certain times of the year 
for children and the elderly, as well as for anyone already suffering from chronic 
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respiratory diseases such as asthma, severe allergies or chronic obstructive pulmo-
nary disease. In a country like Haiti, the diagnosis of these disorders may not be 
established due to the lack of specialists in allergology.

g. The global effects of climate change on human health

It has been found that in some countries, major natural disasters have often 
caused severe psychological consequences for children who face such trauma. 
Global changes are increasing and diversifying the sources of soil and water con-
tamination and are creating new interfaces of contact between humans, animals 
and their pathogens [28]. Their effects on health are generally unevenly distributed 
across people because the health and well-being of the population is also correlated 
with socio-economic factors such as income, housing, employment, education, 
gender and lifestyle. In addition to children, vulnerable groups include people with 
outdoor workplaces, the elderly, women, and those already suffering from disease 
or severe social inequalities [46]. Climate change also has direct impacts on the 
migration of people, which can be internal or national, intra-regional or interna-
tional. It can have a negative impact on national economies, as the availability of 
food and water leads to an increasing need for humanitarian assistance and health 
protection for vulnerable groups [46].

5.2.2 In animals

Like humans, animals are very sensitive to the effects of climate change, which 
can be very negative for the health and well-being of livestock. Climate change plays 
a role in the establishment and geographic expansion of zoonosis [42]. However, 
according to several studies, the effect may, in some cases, be positive because the 
increase in air temperature could reduce the risk of death and improve the health 
and well-being of humans and livestock living in regions with very cold winters. 
However, extreme variations in climatic parameters such as heat, cold, humidity, 
and precipitation have an overall negative impact on the health and welfare of 
animals, resulting in a marked increase in morbidity and mortality. The negative 
effects of climate change are, as in humans, the consequence of combined changes 
in air temperature, precipitation, frequency and magnitude of extreme weather 
events and can also be both direct and indirect.

Heat stress can, depending on its intensity and duration, directly affect the 
health of animals by causing metabolic disturbances, oxidative stress and a drastic 
decrease in immune capacity leading to infections and death. Indirect effects are 
associated with the quantity and quality of feed and drinking water available to 
animals and the survival and distribution of pathogens and/or their vectors [47]. 
Indeed, animals are also highly susceptible to certain vector-borne diseases such 
as those transmitted by ticks like bovine anaplasmosis, piroplasmosis in dogs and 
cattle, cowdriosis or heartwater, equine encephalitis, African swine fever as well as 
by insects like Nile Valley fever or by mollusks like liver fluke. Populations of these 
different vectors tend to increase with climate change.

The issue of climate change, and its impacts on living beings, has become so 
important and relevant for life on the planet that the World Organization for 
Animal Health (OIE) has introduced it in recent decades into its strategies. [48, 49]. 
According to Vallat [48], the impact of climate change on health has often been men-
tioned, mainly for human health. As regards animal diseases, their relationship with 
climate change is more rarely mentioned, no doubt because the recent epizootics were 
mainly linked to highly contagious viral diseases (foot-and-mouth disease, classical 
and African swine fever, Newcastle disease, influenza avian, etc.) and for which the 
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movements of animals and foodstuffs of animal origin, in particular through trade, 
have played a preponderant role [48].

Oyhantçaba et al. [49] note thet the links between animal production and 
climate change are complex and multi-directional. On the one hand, animal 
production has an influence on climate change, with mainly ruminants generating 
emissions of greenhouse gases. In particular, animal production is a very important 
source of methane and nitrous oxide released into the atmosphere. On the other 
hand, climate change influences livestock production by affecting the conditions 
governing animal production, fodder crop production and animal health. The 
impacts on animal health are increasingly being recognised, and this theme occu-
pies a special section of this document, as we shall see below [49].

With the introduction and very rapid expansion of West Nile fever virus in 
North America, the role of wildlife has become clear. This episode highlighted the 
gaps in our knowledge about the ecology of this type of infection, particularly when 
they emerge in new settings [48].

It is a fact that the environment in which animals live plays an increasingly 
important role in the manifestation of diseases, particularly vector-borne diseases. 
Global warming has led to changes in the ecology of vectors, resulting in the disap-
pearance of certain habitats, the appearance of new ones and, more generally, the 
displacement of the geographical area that hosts the habitats required by a given 
vector as a result of environmental changes. Such upheavals in ecosystems have 
had fairly serious consequences for livestock farming. Thus, we have witnessed the 
migration of vectors of tropical origin, often carriers of pathogenic germs, to milder 
and even temperate climates. But still, the causes of vector-borne diseases are 
multifactorial as they are generally associated not only with climate change but also 
with trade globalization, urbanization and deforestation [47].

In addition to vector-borne diseases, a dynamic of non-vector-borne diseases is 
developing, which are also subject to the influence of climate change. One example 
is avian influenza infections that can be influenced by the migration routes of wild 
waterfowl. It has been observed that some species of wild birds have reduced their 
migration distance as a result of global warming, which has sometimes contributed 
to the spread of some infectious fish diseases to areas that were previously free of 
them. The persistence of viruses in the environment, including in water, is also 
influenced by changes in temperature [44].

In general, wildlife plays a significant role in the transmission of some major 
animal diseases such as avian influenza, rabies, swine fever and tuberculosis. As a 
consequence of climate change, countries with forests or savannahs with important 
wildlife often face the problem of water scarcity for watering these animals. As a 
consequence, they are obliged to gather at the same water point, thus favoring the 
continuous circulation of pathogens, first among themselves and then in domestic 
herds due to encounters which are becoming less and less fortuitous in some coun-
tries as a result of wild deforestation and anarchic urbanization programs.

6. Methods for Combating Climate Change and Vector-Borne Diseases

Maintaining the earth’s ecological system and other biophysical systems in good 
working order is an imperative that is part of the sustainable development option of 
countries to ensure the persistence or maintenance of life. It is now widely recog-
nized that these systems are in a state of disrepair and that the resulting climate 
change represents one of the greatest threats to humanity in the 21st century by 
disrupting the well-being and health of animal and human populations. We must 
therefore face reality and strive to live within the norms that govern the normal 
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functioning of our planet. Faced with climate change, which induces a whole range 
of diseases including vector-borne diseases and zoonosis, it is necessary to make 
a number of recommendations to mitigate its effects on extreme weather events 
and on the health of animals and humans. Special attention will be given to the 
major vector-borne infectious diseases that occur in the Caribbean and particularly 
in Haiti.

6.1 Main measures to combat climate change

It is important to restore as quickly as possible the health of ecosystems dam-
aged by human action, through a good understanding of the relationship between 
climate and health, capacity building, information exchange and the promotion of 
research. Mitigation and adaptation measures should therefore be taken.

6.1.1  Commitment of each country to respect the recommendations of the Paris 
Agreement on Climate and Global Warming signed in 2016

Predictions suggest that the average global surface temperature of the earth 
will experience, during this century, a sharp increase of up to more than 5°C and 
significant changes in rainfall patterns and climate variability [50]. Each country 
should strive to follow the guidelines of the Paris Agreement and promote research, 
either at the national or regional level. Research will benefit from finding innovative 
methods to analyze weather and climate in relation to animal and human health. To 
this end, it is important to establish data series over long periods of time to better 
understand the mechanisms of climate change and its interaction with animal 
and human health or disease occurrence, and to be able to develop early warning 
systems to predict outbreaks and extreme weather events such as intense heat waves 
and rainfall, the increased risk of drought, the increase in the strength and speed of 
winds and tropical cyclones in certain areas such as the Caribbean, including Haiti, 
and the accentuation of the El Niño phenomenon.

Such work requires a firm commitment not only from the main international 
organizations concerned such as WMO, IPCC, WHO, OIE, UNEP but also from 
each country to work towards the reduction of greenhouse gases and other pollut-
ants and to follow the principles of sustainable development required for the sur-
vival of the planet and the recommendations of the various international meetings 
resulting from the Paris Agreement on Climate and Global Warming.

6.1.2 An analytical approach to the impact of climate change on diseases

Evidence suggests that diseases that occur following major weather events are 
also conditioned by factors other than climate. This requires the collection of a base-
line data set and the use of appropriate analytical methods to quantify the climate’s 
contribution to the expression of these diseases. This requires the establishment of 
functional and reliable climate and disease monitoring and surveillance systems.

6.1.3 Climate change adaptation measures

The effects of climate change are objective data on which we must act quickly 
to complement climate change mitigation measures in order to significantly reduce 
their level of impact on animal and human health. These measures could address 
the various factors that condition the vulnerability of human populations such as 
population density, economic development, local ecological conditions, health 
status and access to health care.
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6.1.4 Fight against infectious diseases

Infectious diseases, especially those of vector or waterborne origin, are very 
sensitive to climatic conditions. Therefore, there is a constant need to collect data 
on the prevalence and especially the incidence of infectious diseases to better 
address epidemiological studies. Only in this way will it be possible to establish any 
relationship between observed morbidity or mortality with a given climatic event. 
Multidisciplinary research teams should be formed and operate within a regional or 
international framework, as climate problems generally extend beyond the geo-
graphical boundaries of a single country [29].

6.2 Main vector control methods

6.2.1 Vector control guidelines

The World Health Assembly approved in 2017 “Global Action for Vector Control 
2017-2030” [51]. This document provides strategic guidance to assist countries and 
development partners to strengthen vector control in their disease prevention and 
outbreak response strategies. It calls for a reorientation of vector control programs 
with technical capacity building, improved infrastructure, strengthened monitor-
ing and surveillance systems and strong community mobilization. Changing the 
behavior of the population is considered one of the essential elements in the fight 
against vector-borne diseases. WHO has recognized the importance of working 
with partners to educate and sensitize the public and to build understanding of the 
need and ways to protect themselves and their communities from the various vec-
tors. In addition, access to water and sanitation services is a very important factor in 
disease control and elimination.

6.2.2 Main vector control methods

Vector control methods are multiple because they change with the nature of the 
vectors, which present a great biological diversity. The most commonly used are: 
a) Biological methods which consist of using, for example, larvivorous fish at the 
level of water bodies and large aquaculture basins; b) Physical methods that refer 
to the protection of the environment, either by physical barriers (e.g., mosquito 
nets, window screens, etc.) or by changes in the environment (e.g., decrease in 
the density of copses) to cause a reduction in the vector population; c) Chemical 
methods which are diverse. They may use larvicides, parietal intra-household 
spraying, insecticide-treated nets, and space spraying; d) Sanitation which is a set 
of methods and techniques aimed at improving the overall health of the environ-
ment by removing the causes of unhealthy conditions.

7. Conclusion

The situation of planet earth is becoming more and more critical every day, 
especially in countries that care little about the problems caused by global warm-
ing and the various forms of pollution of ecosystems. The future of mankind looks 
very threatened and bleak due to the multifaceted impact of climate change on 
biodiversity, agriculture, environment and human and animal health. Indeed, the 
consequences of climate change on public health are today almost indisputable; 
they are particularly noticeable in vector-borne diseases. Slight variations in the 
average temperature, in the rainfall regime, in humidity, can have serious health 
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implications, mainly in tropical developing countries because they are likely to 
affect the physiology of vectors.

The Republic of Haiti has suffered for years the adverse effects of climate change 
with a marked disturbance in the rainfall regime, the occurrence of prolonged 
periods of drought and an increase in air temperature. Descriptive epidemiological 
studies reveal significant prevalence rates of many vector-borne diseases in the 
country: malaria, dengue fever, chikungunya, Zika, yellow fever, Nile Valley fever, 
lymphatic filariasis, diseases linked to tick bites, etc. While the causal relationship 
between health and climate and environmental changes has not yet been clearly 
defined in Haiti for lack of in-depth epidemiological studies, there is no doubt that 
there is a positive correlation between these variables.

It is therefore high time to conduct studies on climate change at national and 
regional levels in order to better understand their impact on terrestrial and aquatic 
ecosystems and to better understand, in particular, their impact on human and 
animal health through analytical epidemiological research. It is therefore urgent to 
take the necessary steps to define a coherent framework of action and intervention 
strategies likely to facilitate the reversal of the accelerated trend of degradation of 
the environment and the health of the population, at least in areas of the country 
identified as high risk. This framework will include in its approach the “One health” 
approach, taking into account the environmental component in the field of action 
of human and animal health with a view to reducing the effects of climate change 
on human health in Haiti.

The variations observed in the epidemiology of vector-borne diseases, in 
particular arboviruses (dengue fever, yellow fever, Zika for example), result from 
social, economic and environmental changes that are largely dependent on climate 
change. It is important to understand the dynamics of this evolution in the country 
which is faced with a great lack of local meteorological and climatic data, due to 
the lack of stations or centers assigned to the collection of this data on a regular 
and systematic basis. In addition, there is also no reliable information on the 
biotopes of arthropod vectors, any changes that have occurred in their way of life 
in recent decades, the distribution of vectors at the country level, the contributing 
factors and/or limiting their proliferation in the Haitian context, estimates of their 
population according to periods of rain and drought, etc.

The country benefits from considering the opportunity to revitalize the inter-
sectoral cooperation platform with a strong involvement of national and foreign 
universities to make it functional and capable of properly addressing the various 
problems related to climate change and its impact on public health by general and 
vector-borne diseases in particular It is in this perspective that the next actions of 
Quisqueya University will be oriented.
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