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ABSTRACT
The nexus of water, energy and food encompasses the three interactive factors that are
vital to both human communities and ecosystems. Traditional engineering approaches
(known as gray infrastructure because they typically involve concrete) are unable to meet
the challenges to nexus sustainability posed by evolving human demographics and climate
change in Latin America and the Caribbean (LAC) due to planning and implementation
time constraints. On the other hand, green infrastructure, utilizing ecosystems or their
structural and functional components, can be implemented rapidly and provide a cost-effective treatment equivalent to gray infrastructure. Green infrastructure has historically
focused on constructed wetlands for wastewater treatment, but has recently evolved into
a broader approach involving multiple, integrative technologies to address urban sustainability in water, energy and food. With changing water availability across the region due to
climate change and with growing demand impacting overall water resources downstream,
increased attention has been paid to its conservation, storage and reuse based on green
infrastructure. While full implementation at both community and governmental levels
poses major challenges, there is no question that there is increased recognition of the
economic importance of green infrastructure projects –progressively more developed as
hybrid systems with gray infrastructure– to local economies and nexus security. Biomes
are proposed as fundamental units for planning and implementing green infrastructure.
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INTRODUCTION
The three dominant factors structuring human communities globally are often linked
within the context of the nexus of water, energy and food (Figure 1). The nexus is a versatile
means of adjusting each factor to meet changes in human demographics, land use, climate and water availability in the face of shifting water resources (temporally and spatially)
and increased sectoral demand. It is important to determine how much, when and for how
long water is needed for each sector to address current conditions and develop adaptive
management plans that can respond to both short and long term projections and extreme
weather events to sustain equitable water distribution to meet human and natural ecosystems’ needs.
The United Nations University began to push for the integration of water-food, water-energy and food-energy into landscape management in the early 1980s (Scott et al., 2015), but it
was not until the early 21st Century that formal integration of these sectors into the water-energy-food (WEF) nexus was proposed at a series of international meetings, including
the World Economic of 2011 and the Bonn 2011 Nexus Conference: The Water Energy and
Food Security Nexus (Leck et al., 2015, Hoff, 2011, Simpson & Jewitt, 2019). Justification
of a focus on the WEF nexus follows three general lines: 1) increasing resource interlinks
due to growing scarcities, 2) recent resource supply crises and 3) failures of sector-driven management strategies (Al-Saidi & Elagib, 2017). Yet, among the more than 300 nexus
publications between 2009 and 2017, there is no consistent view of integration within the
nexus.
Given that water and energy resource utilization by societies has not considered awareness of scarcity or value (Allan et al., 2015), there is a critical need to develop universal
metrics that incorporate societal values at different geographical and temporal scales as
part of WEF analyses (Tevar et al., 2016, Miralles-Wilhelm, 2016). An extensive literature review by Albrecht et al. (2018) noted that: 1) reproducible methods for nexus assessment are
rare, 2) methods fail to capture the linkages within WEF, 3) most methods are quantitative,
4) use of social sciences methodologies is limited, and 5) most methodologies are confined
to disciplinary silos and narrow in scope.
Faced with increasing populations and fast urbanization, diminishing resources and
climate change, Miralles-Wilhelm (2014) proposed WEF as the best approach for tackling
environmental, economic and societal sustainability in LAC based on the following factors:

1. Water is needed for food production. Approximately 90% of LAC agriculture
is rain fed.
2. Water is needed for energy generation. Hydropower supplies 46% of LAC
electricity.
3. Energy is needed for food production. Poorly understood but a significant
issue.
4. Energy is needed for access to water sources. Desalinization is important in
the Caribbean.
5. LAC is a net water exporter. Water footprints vary widely throughout LAC.
4

Miralles-Wilhelm (2016) proposed a research agenda for WEF nexus planning in the region
based on integrative modeling tools with an interdisciplinary approach that can be tailored
over different geographical areas and temporal scales. Such an approach must incorporate economic and social trade-offs among competing WEB priorities.
The current nexus approach identifies human health as the common linkage of the three
traditional components –water, energy and food– and circumscribes them all within the
framework of economics. This recognizes that humans (individuals and communities) are
part of the ecology, and that any potential bias for one of the three traditional components
is largely dictated by both availability and economics. In turn, policy is largely driven by
human health and economics.

WATER

ENERGY

HEALTH

FOOD

ECONOMICS

Figure 1. Nexus approach to environmental management recognizing
the overarching importance of human health and economics.

Latin America and the Caribbean is experiencing landscape alteration, urbanization, and
climate change faster than infrastructure can be built or modified to address them. Engineered solutions (gray infrastructure) require lengthy periods for planning and implementation, are expensive to build and maintain, are difficult to modify to meet changing conditions, and usually have a finite operational lifetime. In contrast, the green infrastructure
approach uses natural processes or ecosystems to perform similar actions, yet it can be
implemented quickly and cost effectively to meet changing baseline conditions. Additionally, it can be designed either to complement existing gray infrastructure or as an independent treatment technology.
First proposed (MacKinnon et al., 2008, Mittermeier et al., 2008) as a pathway to meet
climate change challenges while protecting biodiversity and sustainable human communities, the International Union for the Conservation of Nature (IUCN) has defined nature-based solutions (NBS) as “actions to protect, sustainably manage, and restore natural
or modified ecosystems that address societal challenges effectively and adaptively, simultaneously providing human well-being and biodiversity benefits” (Cohen-Shacham et al.,
2016). Green infrastructure is a subset of NBS that utilizes ecosystems or their structural
and functional aspects within the nexus of water and food to promote societal sustainability. Both provide benefits to humans from properly-functioning ecosystems (ecosystem
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services) that can be grouped into four broad categories: provisioning (food and water
production), regulating (control of climate and disease), supporting (nutrient cycles and
oxygen production) and cultural (spiritual and recreational benefits) (Millennium Ecosystem
Assessment 2005). Humans are not simply the recipients of ecosystem services, but are
critical components in local and regional ecology and management.
Although NBS in general, and green infrastructure in particular, can often operate as
stand-alone technologies, they are increasingly integrated with gray infrastructure to
produce hybrid solutions to meet increasing demands from individual sectors of the nexus,
promote interactions among sectors, and improve overall management efficiency. Green
infrastructure plays an important role in both water storage (water supply and flood control), treatment, and reuse and multipurpose projects promoting water, energy and food
security in rapidly urbanizing areas of LAC. Increased emphasis is being placed on decentralized, small scale solutions near the source of individual problems. While traditional gray
engineering approaches are top-down from international agencies and national governments, green infrastructure typically promotes a bottom-up approach and stresses local
community ownership from project planning to implementation and operation. In addition,
green infrastructure can often provide economic return to local communities, with declining product output serving as an early warning of declining system treatment efficiency
necessitating initiating adaptive management plans to address the problem.
The current paper reviews green infrastructure approaches to the water, energy and agriculture nexus in LAC and identifies opportunities and challenges for their implementation.
Biomes are proposed as the framework within which the current watershed approach for
water management and project implementation can be compared with other geographical
areas of similar physical and biological characteristics that may influence the performance
of green infrastructure approaches. Throughout, particular emphasis is placed on the
role of human communities to address fast-changing baseline conditions for urbanization,
landscape alteration and climate change and the role of adaptive management to promote
sustainability of the structure and function of natural and created systems.
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GREEN INFRASTRUCTURE
AND THE NEXUS IN LAC WATER
Water Supply. South America delivers more freshwater discharge to the sea per land area
than any other continent, with the largest contributor being the Andes (Harden, 2006).
Most rivers in LAC originate in high mountains (montane biome) as headwater streams fed
by glacial meltwater (Guido et al., 2016). These streams are the main contributors to major
rivers, including 50% of the Amazon River flow (Andersson et al., 2018), and are key sources
of potable water for large cities like La Paz, Lima and Quito (Chevallier et al., 2011), as well
as for hydropower generation and agriculture in high mountain communities.
Water resources in the high Andes are limited as a result of pronounced climate gradients
and extremely steep topography (Buytaert & De Bievre, 2012) and dependent on long-term
storage in glaciers and seasonal meltwater and precipitation. The progressive loss of
glaciers over the past 50 years, which accelerated during 1976-2010 (Rabatel et al., 2013), is
a clear indication that climate change is having and will continue to have a strong impact
on the high Andes (Bradley et al., 2006). Soruco et al. (2015) noted that although there has
been a 50% loss in total area of the 70 glaciers within the La Paz watershed between 1963
and 2006, runoff has not changed significantly. However, such seemingly stable hydrology
simply reflects increased meltwater discharge and will soon revert to considerably reduced runoff as glaciers reach the tipping point of no return (Chevallier et al., 2011, Soruco
et al., 2015). The greatest impacts on water supplies will be during the dry season, with a
24% drop in availability for La Paz, Bolivia (Soruco et al., 2015) and a 40% decline in discharge of the Rio Santa in Peru (Bradley et al., 2006). Reduced river flows, plus periods of
intense drought, have contributed to ongoing water shortages in La Paz (Martinez, 2017),
but Buytaert and De Bievre (2012) cautioned that human demographics are likely to outpace the impact of climate change on water availability. Overall, reduced water discharge
from the Andes will affect all sectors of the nexus, including a shift from hydroelectricity to
greater reliance on fossil fuels for energy and disruption of irrigated agriculture (Bradley et
al., 2006).
As overall Andean water resources decline, there must be greater emphasis on water
storage near its source, whereas controlled release is needed downstream. As suggested
by Bradley et al. (2006), there has been increased emphasis on construction of new highland reservoirs. Constructed reservoirs –a key component of the comprehensive plan to
supply irrigation to local communities and drinking water to the rapidly expanding city of El
Alto and metropolitan La Paz– have been coupled with water storage in bofedales wetlands
immediately below glacial outflow. Bofedales have strong water retention capacity due to
their highly organic soils (Harden, 2006, Buytaert et al., 2006), and have been manipulated
to provide water storage and pasture for livestock since prehispanic times (Fonken, 2014).
Bofedales feeding into reservoirs provide a green infrastructure maximizing water storage
and timed release for nexus needs. A similar role can be played by páramo wetlands in the
northern Andes (Buytaert et al., 2006).
Two innovative programs are developing networks to provide baseline hydrological data for
all watersheds in LAC against which green infrastructure potential can be assessed and
implemented: The National Water Reserves Program of Mexico and Hydro-BID.
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Developed in cooperation with the Inter-American Development Bank, the World Wildlife
Fund (WWF), CONAGUA and Fundación Gonzalo Río Arronte, Mexico’s Water Reserves Program (http://awsassets.panda.org/downloads/wwf_mex_water_reserves_program.
pdf) is mapping and characterizing 189 river basins (watersheds) for integrated planning
and management of both groundwater and surface water to reach water security through
long-term planning and quantity and quality monitoring. The project emphasizes maintenance of ecological flows and biological diversity, while supplying domestic needs. Initial
results for environmental flows and allocation of water to ecosystem and human sectors
are very encouraging (Ordonez et al., 2015).
Hydro-BID (http://Hydro-BIDlac.org/) is a simulation tool launched by the IDB to estimate
water budgets for all watersheds in LAC to help predict short- and long-term responses
of water resources to demand, climate change and both floods and droughts. From initial
projects in Argentina, Peru, Ecuador, Brazil, and Haiti, the Hydro-BID Technical Support
Center (CeSH) is working towards a long-term goal of capacity building of water resource
management and water supply institutions at national, subnational, and basin levels
throughout the region.
The two programs focus on integrating natural flow regimes (Poff et al., 1997), critical water
flows, and levels that must be maintained to ensure river connectivity from source to
discharge for both biodiversity protection and minimum water quantities to meet human
needs. These programs are considered critical due to their use of adaptive management,
in combination with NBS and green infrastructure, to address natural and human-induced
changes in water resources and their allocation.

Wastewater Treatment. Rural populations in LAC have long separated blackwater from
graywater household wastes, with the latter discharged directly into the environment. But
with fast urbanization, household wastes are combined and overwhelm treatment plants.
Most nations in the region treat only 10-15% of wastewater (Reynolds, 2002, Noyala et al.,
2012, Wilk & Altafin, 2018). Chile is the best performer, treating close to 100% of its wastewater, while Mexico, Nicaragua, Brazil, and Uruguay treat 35-50%.
Noyola et al. (2012) surveyed 2,734 municipal wastewater treatment plants in six countries throughout the region (Brazil, Chile, Colombia, Dominican Republic, Guatemala, and
Mexico). They found that 67% of the plants were small (influent flow <25L/s) to very small
(<5L/s), especially in Mexico and Brazil, and that 80% were stabilization ponds, activated
sludge and upflow anaerobic sludge blanket reactors. It was concluded that such small
facilities likely resulted in low energy efficiency and noncompliance with discharge standards.
Conventional wastewater treatment plants have a useful life expectancy of 60-70 years for
concrete structures and 15-25 years for mechanical and electrical components (U.S. Environmental Protection Agency, EPA 2002). Constructed wetlands, however, do not have a
finite lifespan, and with proper monitoring and adaptive management to maintain peak operational efficiency, can provide services indefinitely. Wetlands take up nutrients and other
contaminants via macrophyte or algal photosynthesis and sediment microbial processes
and can store them either short term (algae or herbaceous marshes) or long term (woody
vegetation in swamps and sediments). For them to operate at peak efficiency, vegetation
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must be harvested and/or sediments removed periodically. Where large wetlands can be
constructed and contaminant loading rates are low to moderate, swamps dominated by
trees are favored because long term nutrient storage in wood maximizes the time between
harvests needed to maintain system efficiency. In areas where terrain or urban densities
dictate small footprints for constructed wetlands, fast-growing herbaceous macrophytes
are favored, but they must be harvested frequently both to encourage new vegetative
growth and to circumvent contaminant release from decaying vegetation. Whenever possible, only native species of plants should be used in constructed wetlands
Vymazal (2011) noted that the three essential design criteria for the four major constructed
wetland designs are hydrology (surface, subsurface flow), vegetation type, and flow (horizontal, vertical). Surface flow wetlands slowly pass water through macrophyte stands for
effective sedimentation of solids and uptake of nitrogen and phosphorus. They have been
used most commonly for tertiary treatment of domestic wastewater, stormwater and mine
discharge, and function well in all climates.
Subsurface flow wetlands consist of both horizontal and vertical flow treatment designs.
In horizontal flow systems, water passes through a porous substrate upon which macrophytes are planted. Nutrient and contaminant removal takes place via both aerobic and
anaerobic processes, which are very efficient at eliminating organic matter, suspended
solids and heavy metals. Such systems are mostly gravity flow-based, leading to low operation and maintenance costs, and can treat diluted wastewaters from combined sewer
systems better than conventional activated-treatment technologies. System longevity is
strongly influenced by the relationship between substrate porosity and clogging. Overall,
horizontal flow wetlands are more effective than surface flow wetlands in colder climates.
Vertical flow wetlands are of two basic designs: downward and upward flow. Both use a
coarse substrate of sand and gravel upon which macrophytes are planted. In downward
flow systems, wastewater is fed to the surface in batches and percolates through the substrate. Between batches, water is drained completely, facilitating oxygen movement into
the substrate for nitrogen treatment. These systems have lower land requirements than
surface flow wetlands to achieve effective waste treatment. Upward flow wetlands require
higher energy inputs and maintenance than downward flow methods. In them, wastewater
is pumped in batches into the bottom of the wetland and allowed to percolate upward to
pond on the surface, where it remains static for a set time to support microbial growth and
nutrient transformations before being drained downward through the substrate, where it is
collected and discharged.
There is extensive literature on the operation of constructed wetlands (Zi and Ji 2012) and
removal efficiency for nutrients (Moshiri 1993), heavy metals (Kadlec and Knight 1996), acid
mine drainage (Johnson & Hallberg, 2005, Nyquist & Greger, 2009) and, most recently,
synthetic compounds in cosmetics and personal care products linked to endocrine disruption in aquatic environments (Hijosa-Valsero et al., 2010, Toro-Velez et al., 2016). Treatment
efficiencies of constructed wetlands are similar to their gray infrastructure counterparts
(Kadlec & Wallace, 2009). Although less extensive than for temperate systems, treatment
efficiencies in the tropics equal or exceed those of conventional systems, and construction and operating costs of constructed wetlands in China are approximately 30% and 50%
those of gray infrastructure, respectively. Similarly, Arias and Brown (2009) estimated the
annual cost for operating a constructed wetland near Bogota, Colombia as comparable to
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a stabilization pond but about 20% that of a batch reactor. The first publication on constructed wetlands in LAC was for a site in Brazil (Salati & Rodrigues, 1982). Between 1991
and 2011, Brazil and Mexico published the largest number of studies on constructed wetlands (31-40), followed by Argentina and Colombia (11-20) (Zhi & Ji, 2012). Seven other LAC
nations were just beginning to consider constructed wetlands during this period (Costa
Rica, Panama, Venezuela, Chile, Uruguay, Jamaica, and Cuba) resulting in few refereed
publications (1-10). It is important to note that Jamaica and Cuba were the only Caribbean nations represented. It was apparent from the review of mostly constructed wetland
projects in Bolivia, Brazil, Mexico, Nicaragua, and Peru by Wilk and Altafin (2018) that data
from individual projects are either not published or are issued as gray literature or internal reports. The same is true throughout LAC, but perhaps most evident in the Caribbean
basin, where publications are scant and few overview websites exist aside from those in
St. Lucia (https://www.caribbean-sea.org/projects/st-lucia/) and Antigua (www.bvsde.
paho.org/bvsAIDIS/PuertoRico29/morris.pdf) and university theses in Jamaica (Stewart,
2005).
Although the great potential of constructed wetlands for wastewater treatment in the
tropics has long been recognized because of their use of natural processes, low building
and maintenance costs and comparable treatment efficiency to conventional gray infrastructure (Denny, 1997, Haberl, 1999, Kivaisi, 2001), Noyola et al. (2012) documented only 137
active constructed wetlands in LAC. Most are scale pilot operations in small rural villages
(Whitney et al., 2003, Dallas et al., 2004, Rios et al., 2009, Kaplan et al., 2011, Zurita et al.,
2012) and universities (Mitsch et al., 2008).
There is a critical need to scale up operations, especially of hybrid gray-green systems, to
meet dynamic urban demographics, complicated waste streams, and climate change (WSP
2008). Currently, studies are testing the best design and macrophyte species composition
to address specialized waste streams from dairy farms and processing plants, banana paper plants, landfills (Nahlik & Mitsch, 2006), swine farms (Gonzalez et al., 2009) and slaughterhouses (Rivera et al., 1997). In addition, removal of both pathogens (Dallas et al., 2004)
and synthetic compounds (Belmont et al., 2006, Toro-Velez et al., 2016) that are partially
treated in conventional wastewater plants has received growing attention. Linking constructed wetlands with small conventional treatment plants offers a cushion to treat peak
loads, vastly increasing the efficiency of phosphorus removal (Arias & Brown, 2009). For
both standalone and hybrid uses of green infrastructure, adaptive management is required
to keep systems operating at peak efficiency, and increasingly is focused on product development to remove accumulated sediment and nutrients and provide economic return and
project acceptance to local communities.
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ENERGY
Hydroelectric power. Although estimates vary, mountainous nations in LAC get most of
their energy needs from hydroelectric plants. Costa Rica leads the pack with nearly 100%,
followed by Ecuador, Peru, and Colombia (>70% of demand). Even low-lying Brazil is currently 80% hydroelectric (Tundisi et al., 2014). Peru has the greatest number of dams, and
together with Bolivia is dominated by small dams located high in the mountains (Anderson
et al., 2018). Brazil’s oldest dams are in the eastern and southeastern parts of the country,
but as all favorable sites for dam construction have been occupied, construction has begun in the Amazon basin (da Silva Soito et al., 2011, Tundisi et al., 2014).
While the number of small dams high in the Andes is on the rise, most new hydroelectric
reservoirs are situated lower in the Andean Amazon and the lowland tributaries of the Amazon River. Small Andean reservoirs have limited potential for hydropower due to their size
and depth, but they are critical for both irrigating alpaca pastures and quinoa fields and as
a water supply for large cities including La Paz, Lima and Quito (Chevallier et al., 2011).
To take advantage of high rainfall and striking relief patterns, 151 large dams on 6 of 8 major
tributaries of the Amazon are planned or are being built in the next 20 years for a 300% increase in power generation (Finer & Jenkins, 2012, Andersson et al., 2018). Most are located
in the Amazonas high Andes ecoregion and are larger than any current facility in any Andean nation, with the largest number of dams planned for Peru. The Andes contribute 50% of
the Amazon River flow, 93% of its sediment load and most of the nitrogen and phosphorus
to drive riverine productivity (Andersson et al., 2018). However, there is great concern that
these new Andean dams will disrupt the connectivity of the Andes with the lowland Amazon, trap 100% of sediment needed for diverse channel morphological types and a significant portion of both nitrogen and phosphorus, and isolate conservation areas higher up in
the mountains from the lower river (Tundisi et al., 2014, Finer & Jenkins, 2012, Andersson
et al., 2018). Forsberg et al. (2017) estimated that together the six largest dams planned for
the region will lower the supply sediment, phosphorus and nitrogen of the entire Amazon
basin by 64, 51 and 23%, respectively. Furthermore, associated lowered river productivity
will significantly reduce fish yields, the primary protein source for local communities along
the river.
As the best sites for dams have already been occupied in eastern and southeastern Brazil,
the Amazon basin is viewed as the “new hydroelectric frontier,” with 100 dams in operation
and an additional 137 planned (Tundisi et al., 2014, da Silva Soito & Freitas, 2011). Because
of generally low relief, dams in the Amazon basin tend to be wide and shallow, causing large
forest areas to be flooded by reservoirs that trap large quantities of river-laden sediment
critical for lower Amazon alluvial floodplains and channels (Manyari & de Carvalho, 2007,
Finer & Jenkins, 2014). These huge reservoirs tend to become anoxic over large areas due
to decomposition of rainforest vegetation left in place during construction, posing water
quality problems from excess nutrients that foster algal blooms. They also are major contributors to atmospheric sulphur and carbon dioxide during low water phases (Tundisi et
al., 1998, Rosa et al., 2003, Forsberg et al., 2017).
In addition to trapping sediments and nutrients, hydroelectric reservoirs can have a major
impact on water security due to surface-water evaporation—their blue water footprint. The
larger the lake area and the higher the temperature, the greater the release into the atmo-

11

sphere (Hogeboom et al., 2018). Because of the topography-dictated need for vast surface
reservoirs, Brazil has the largest blue water footprint of any nation globally, drawing into
question the positive benefits of hydroelectric power.
Dams can have significant social and ecological impacts upstream and downstream
(Finer & Jenkins, 2012). Rivers evolve in their structure and function from headwaters to
discharge in a predictable manner (stream continuum), that if interrupted by dams (serial
discontinuity) can dramatically affect upstream movements of commercially important
and endangered fish species (Ward & Stanford, 1983). For this reason, Tundisi et al. (2014)
recommended spacing out dams along river lengths to allow sufficient distance for the
river to recover before encountering another reservoir.
Perhaps dams’ most significant impact is on ecological flows, “the quantity, timing, and
quality of water flows required to sustain freshwater and estuarine ecosystems and the
human livelihoods and well-being that depend on these ecosystems” (Brisbane Declaration
2007 http://www.watercentre.org/news/declaration). In addition to maintaining a minimum flow in river channels, recommended flows need to adjust to a number of variables
such as high flow pulses throughout the year and floods, along with monthly and inter-annual variability (Richter et al., 2006). Annual flooding of floodplains is especially critical for
forest productivity and breeding of commercially important fish species in the Amazon
basin (Tundisi et al., 2014).
In order to adjust to sustainable freshwater management standards, environmental flows
must shift their focus from restoration to adaptation to climate and landscape changes,
expand from single sites to whole river basins, and include social-ecological sustainability
in all water management scenarios (Poff & Matthews, 2013). In addition, they need to recognize differences in riverine structure and function dictated by key processes operating
at the biome and ecoregion levels and incorporate adaptive management that considers
short- and long-term changes in the extent of individual biomes throughout LAC.
While hydroelectric dams have a major impact on watersheds via water storage and altered
flows downstream, their contribution to atmospheric water loss by way of evapotranspiration has largely been ignored (Hogeboom et al., 2018). Although the relationship between
water availability and human uses is readily recognized (water footprints), reservoirs have
either been ignored from previous studies (Hoekstra & Mekonnen 2012, FAO 2016) or their
contribution to evapotranspiration water loss to the atmosphere overlooked (IEA 2016).
Hogeboom et al. (2018) proposed the Blue Water Footprint to calculate water consumption
of blue water resources (surface water and groundwater), including evaporation, to provide
a realistic picture of the influence of reservoirs on watershed water budgets. Brazil has the
largest water footprint of reservoirs globally as a result of its relatively flat topography and
the resulting need of large reservoirs for power production. This can dramatically affect
water security downstream. In contrast, small dams and those located in montane areas
usually have a much smaller impact. While addressing the broader impact of reservoirs on
water security is a promising start, there is a need to conduct a detailed analysis of dam
size relative to climatic conditions in all of LAC’s biomes.
The recent incorporation of environmental flows into potential hydropower projects and
evidence of dams’ negative impacts both upstream and downstream point to a need to
consider alternative power generation technologies that do not impede river flow, such as
run-of-river (ROR) and tidal systems. ROR generates power by diverting flow from a river
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through a parallel channel equipped with a turbine. While pondage ROR designs include
small dams on rivers to ensure stable water availability, the preferred design is subject to
seasonal flow variation and is considered an intermittent energy source. Benefits of the
latter include limited impact on natural flow regimes and unimpeded upstream movements
of fish (Jager & Bevelhimer, 2007). The vast majority of ROR operations are in Asia, whereas in LAC Brazil tops the list (https://en.wikipedia.org/wiki/List_of_run-of-the-river_hydroelectric_power_stations).
Tidal power generation is based on both tidal magnitudes and currents from river discharge into ocean-run turbines. While it is considered a significant source of renewable
energy, its environmental impacts are poorly known (Frid et al., 2012). Both ROR and tidal
power generation have potential applications to LAC, but a detailed analysis of potential
sites, operational problems and environmental impacts is needed.

Biofuels. Biofuels are touted as a viable alternative, particularly for nations lacking significant access to fossil fuels (Mosedale, 2008). They are viewed as a renewable resource
that can help reduce greenhouse gas emissions and provide an alternative profitable use
of crops and their residues beyond the food sector. (Sorda et al., 2010, Kraxner et al., 2013).
Based primarily on sugarcane, Brazil is both the second largest producer and consumer
and largest exporter of ethanol globally (Carneiro et al., 2014). Colombia, Venezuela, Costa
Rica, and Guatemala are following the Brazil model in their emerging biofuel industries. Argentina has based its biofuel industry on soybeans and currently is the fifth largest producer of biodiesel globally (Janssen & Rutz, 2011). Additional emerging or potential sources of
biofuel production in LAC include palm oil, maize, and coffee (Huttunen & Lampinen, 2005,
Ludena et al., 2007, Adams & Ghaly, 2007, Graefe et al., 2011).
Biofuels are fully integrated within the framework of the nexus of water, energy and food
and provide a unique opportunity to develop strategies for implementing sustainable
approaches to landscape management from watersheds to biomes. But they can also
have impacts associated with agrochemicals, erosion and soil carbon loss, deforestation,
greenhouse gas emissions, altered microclimates, wildlife loss and conversion of agricultural lands from food to biofuel production (Janssen & Rutz, 2011, Cerri et al., 2011, Verdade
et al., 2012, Sandhu et al., 2013, Ferreira et al., 2015, Muñoz Castillo et al., 2017, 2019).
In addition, there is serious concern that increased production of sugarcane for biofuel
will affect food security, especially in LAC’s poorest and driest regions (Janssen & Rutz,
2011). Noting that most studies on biofuel production have focused on either water or land
and few have considered both, Muñoz Castillo et al. (2017, 2019) used an environmentally
extended multiregional input-output (MRIO) model to quantify tradeoffs and synergies
between land and water use for bioethanol production in Brazil. Bioethanol accounts for
one third of the country’s sugarcane water footprint and has less impact in water stressed
states when rain fed rather than irrigated. While northeastern Brazil’s water stressed
states are likely to suffer from a larger bioethanol output, Sao Paulo will garner most of the
economic benefits from its production and export. Similar detailed analyses are needed
throughout LAC, but the global sustainable energy project (GSB) that started in 2009 is
beginning to provide intercontinental guidelines for feasibility of biofuel production and
sustainability (Lynd et al., 2011).
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FOOD
Rural Agriculture. The high Andes are dominated by grasslands and unique wetlands,
bofedales or páramos. For centuries, camelid herders have constructed canal networks to
capture seasonal runoff and direct it to bofedales wetlands as a dependable water supply and pasture land (Verzijl & Quispe, 2013). Bofedales have expanded over time and are
important for storing water high in the mountains. With a stable water supply, alpaca herds
have expanded rapidly, and overgrazing is extensive in most high elevation areas and promoting serious erosion in 50-60% of the high Andes (Millones, 1982). Although an important
grain for Andean peoples since at least 5000 B.C., quinoa production almost completely
disappeared by the mid-20th Century (Pedersen, 2015). Since its “rediscovery” in the late
20th Century, quinoa production in Bolivia, Peru and Ecuador combined doubled between
2001 and 2011, with prices rising 300% between 2007 and 2008. Water security of the
Altiplano, however, has become very unstable as more herders have enlarged their alpaca
herds with profits from quinoa sales, thus increasing pressure on water stored in bofedales
to replace that lost via climate change and progressive shrinking of local glaciers. In el Alto,
Bolivia, additional reservoirs are planned to collect water more effectively from the area
and supply La Paz with potable water.
LAC’s Amazon rainforest, dry forests and subtropical grasslands are also severely threatened by agricultural conversion (Grau & Aide, 2008). Only 20% of the original Amazon forest
remains, and at current deforestation rates, 27% of the current forest will be lost by 2030,
especially in the Andean Amazon of Bolivia and Peru. And yet, these rates pale by comparison with that of Brazil (https://en.wikipedia.org/wiki/Deforestation_of_the_Amazon_rainforest).
Deforestation of cerrado, the savanna bordering the eastern and southern Amazon,
has dramatically accelerated, with 30% of the remaining biome likely to be lost by 2050
(https://www.worldwildlife.org/stories/saving-the-cerrado-brazil-s-vital-savanna).
While historically most cleared land in both biomes was for cattle production, currently
most is for soybean. Brazil is the top soybean producer, having quadrupled crops in the
past 20 years to meet China’s growing demand (https://www.producer.com/2018/05/
brazil-could-take-soybean-production-crown-from-u-s/). Increased output has resulted in massive erosion and transfer of increased sediment loads to rivers of the Amazon
system to the north as well as to those flowing south into the Pantanal, the world’s largest
wetland.
Traditionally, western Costa Rica’s dry forest biome, Guanacaste, was used for cattle
grazing during the dry season and suspended when the area became wetlands during the
wet season, especially in the Tempesque River basin. The Arenal-Tempesque Irrigation
Project (PRAT) was initiated in 1980 to provide water continuously to overcome constraints
imposed by wet-dry seasonal rainfall and periodic droughts (Daniels & Cumming, 2008, de
Szoeke et al., 2016). Water is conveyed from Lake Arenal in the highlands via the 7 m wide
Canal Oeste to encourage conversion of dry forests to cattle grazing and crop production. The newly irrigated land quickly contributed 50% of Costa Rica’s total rice and sugar
output. While the original canal was concrete-lined with underpasses at stream crossings,
20 km of a hastily constructed canal extension in the 1990s to boost production was sediment-lined and lacked culverts for stream passage. Stream hydrology changed completely
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from intermittent to permanent flow as a result of canal leakage. Such quick responses
of governments to meet changing agricultural market trends ignored concerns for water
security in the region. Wetlands were turned into rice paddies, and many were subsequently switched to sugarcane to support biofuel markets. But sugarcane requires land drainage
rather than irrigation, so the water brought by the canal goes to waste. There is a critical
need to balance infrastructure construction with high value crops throughout the region
(Ringler et al., 2000).

Urban Agriculture. Food security has always been a factor in urban sustainability. Urban
agriculture was a major activity in Classic Mayan cities and Byzantine Constantinople (Barthel Isendahl, 2013). In northern Europe it morphed into Schrebergarten or garden colonies
in most German cities beginning as early as 1826, when lands with limited value, including
floodplains and those bordering railways, were leased to urban dwellers both to promote
outside activities and to produce food. Such gardens are still extremely popular in Austria,
Germany and Switzerland. Artmann and Sartison (2018) noted that while peri-urban agriculture supports ten key societal challenges facing urban populations –climate change, food
security, biodiversity and ecosystem services, agricultural intensification, resource efficiency, urban renewal and regeneration, land management, public health, social cohesion,
and economic growth–, such urban agricultural schemes are under threat from development. Urban agriculture can promote long-term food security in times of energy shortages
and is an important component of water management contributing to resilience of cities
(Barthel & Isendahl, 2013).
At least 800 million people globally are engaged in urban agriculture, accounting for roughly 15% of food supplies (Kisner, 2008). Local production reduces postharvest food losses
from inadequate preservation and transportation to market (Qiu et al., 2013). Mexico City
currently meets about 20% of its food demand via rooftop gardens and hopes to expand
them throughout the city (Dieleman, 2014). Rooftop gardens, vertical gardens and living
walls show great potential for reducing air pollution and temperature (Qiu et al., 2013), as
well as water treatment and reuse during dry periods (Rowe, 2010) in LAC cities. Rooftop
gardens (green roofs) are also effective at both reducing stormwater runoff (30 to >40%)
via plant and soil uptake and evapotranspiration, resulting in improved water quality (Stovin
2010, Hashemi & Mahmud, 2015, Feng et al., 2016). Mexico City has implemented highly
innovative projects using rooftop gardens and vertical gardens (living walls) to capture
stormwater runoff and to reduce air pollution (Qiu et al., 2013, Dieleman, 2017). Although
limited, data clearly point to the fact that these are promising technologies to reduce runoff and promote water reuse in LAC.
Rooftop gardens are favored in dense urban cores with limited space, while hydroponic
gardens are common in peri-urban areas with fewer space limitations and readily available
gray water sources. In some impoverished peri-urban areas of Lima, hydroponic gardens
have played a key role, helping combat malnutrition and poverty (Orsini et al., 2010). The
production potential of high value crops is great provided markets can be established
(Schnitzler, 2012). There is a critical need, however, for analytical data to evaluate operational efficiencies of both rooftop and hydroponics in LAC. There is little doubt that these
operations can become important components of adaptive management to meet both
flooding and drought in urban areas with impressive economic and social returns.
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Local stakeholders and communities must be encouraged to take ownership of green
urban infrastructure. There are great opportunities for local communities to become
stewards of green projects via product development that is also part of the adaptive
management needed to keep the system operating at peak efficiency. In addition to
providing irrigation water for crops such as rice (Salati et al., 1999) and select vegetables
(Martinez-Cruz et al., 2006), high value plants, especially flowers, can be planted directly
in the constructed wetlands, especially subsurface, horizontal flow systems (Belmont et
al., 2004, Zurita et al., 2009, Zurita et al., 2011). There are additional wetland products that
support local economies, as seen in Uganda: fish, vegetables, livestock grazing, and building materials for houses and furniture (Kakuru et al., 2013). Increased emphasis needs to be
placed on compiling wetland, floodplain and urban habitat economic activities supporting
the nexus’s water, energy and food sectors.

OPPORTUNITIES FOR
GREEN INFRASTRUCTURE FOR
NEXUS APPLICATIONS IN LAC
High Mountains. As Andean glaciers disappear, management strategies must emphasize
water storage as close to the headwater source as possible for controlled release downstream to meet water supply, energy and food production needs. Bofedales wetlands of
the central Andes and páramo grasslands/wetlands of the northern Andes have high water
retention capacity due to their highly organic soils (Harden, 2006, Buytaert et al., 2006,
Fonken, 2014). These permanently wet ecosystems also display significant carbon sequestration for long term storage, a relationship that is positively related to increasing elevation
(Pena et al., 2009, Muñoz et al., 2015). When linked with storage reservoirs immediately
downstream –as implemented by the rapidly expanding city of El Alto and metropolitan La
Paz–, bofedales appear to significantly enlarge glacier meltwater storage. However, such
wetlands are extremely sensitive to overgrazing, so additional research is needed to maximize their water storage capacity in the face of climate change.
Glacial meltwater is the only source of irrigation for approximately 80% of farmers around
Ladakh, India. In response to dwindling and unpredictable snowfall, retreating glaciers,
shorter winters, drought, and landslides, communities used local knowledge and institutional arrangements to resort to water-harvesting green infrastructure in order to ensure
they had sufficient water storage levels to support farming (Nusser & Baghel, 2016, Clouse,
2016, Clouse et al., 2017). Three innovative frozen landscape interventions were employed:
artificial glaciers, ice stupas and snow barrier bands (Clouse, 2016). All are built as close to
the glacial water source as possible and capture meltwater for longer term storage and release as needed for agriculture in the valley below. The first artificial glacier was designed
by a Ladakhi engineer in 1987 and diverts meltwater in October and November via gravity
to freeze in a series of cascading rectilinear pools spread across low sloping, shaded sites
surrounded by stone walls. Ice stupas are named after dome-shaped Buddhist shrines and
are formed by gravity feeding water from the stream in a pipe that ends in a freestanding

16

position on level ground. Water slowly freezes as it exits the pipe, forming freestanding
domes up to two stories high. With volumes exceeding 150,000 liters, the larger stupas
remain intact long after annual snowmelt. Snow barrier bands are masonry walls that trap
snow that would otherwise be blown away over the mountains. The snow melts early in the
spring to support farmers during the planting season. All these techniques provide only
temporary relief from source-water decline (Clouse, 2014, Clouse et al., 2017), but their
importance is often overlooked in the face of pressing socioeconomic, cultural and political concerns (Barrett & Bosak, 2018). Still, artificial glaciers have been recognized as one
of the top fifteen features that can have a major impact on global biodiversity in the future
(Sutherland et al., 2016), and could be a viable option for use in the high Andes.
The ancient Egyptians depended on annual Nile River floods to supply their floodplain
farms with sediment and nutrients. Floodplains are one of the most threatened ecosystems globally, with 90% of European and US systems considered functionally extinct due
to intensive agriculture (Tockner & Stanford, 2002, Opperman et al., 2009), and with rivers
bordered by high modified floodplains displaying unpredictable, short-lived flood pulses
(Junk et al., 1989). Although disappearing rapidly through altered hydrology, numerous
tropical floodplains are still relatively intact (Tockner & Stanford, 2002). Reconnected
floodplain-river systems enhance river basin resilience to absorb human and climate
impacts, reduce flood risk and boost overall ecosystem goods and services availability
(Opperman et al., 2009, Kiedrzynska et al., 2015).
Large-scale reconnection of rivers and floodplains increases flexibility and resilience of
water management infrastructure by reducing the need to lower water levels in reservoirs
in anticipation of pending floods, thus minimizing impacts of downstream environmental
flows (Opperman et al., 2009). Grygoruk et al. (2013) calculated the value of water storage
in a Polish floodplain during floods at EUR 5.49 million per year, and Costanza et al. (1997)
noted that the numerous services provided per acre of floodplain are surpassed only by
those of estuaries.
Given that floodplains are extremely effective at trapping nitrate in floodwaters (28-47%)
but less so for phosphorus (4-7%) (Kronvang et al., 2007), Mitsch and Day (2006) have suggested reconnecting drained floodplain wetlands along the Mississippi, Ohio and Missouri
to prevent nitrogen from polluting the Gulf of Mexico, while simultaneously restoring
ecosystem structure and functions. Such an approach also has great potential in LAC,
where there are many large floodplains capable of significantly reducing nutrient loading to
coastal cities and beyond.

Urban Areas. The Urban Stream Syndrome has evolved to catalog the negative physical,
chemical and biological impacts of urbanization of streams including flashier hydrology,
high nutrient and contaminant concentrations, altered channel morphology, and reduced
biodiversity (Walsh et al., 2005, Booth et al., 2016). Although similar impacts have been
reported in cities globally, the top controlling factor for the intensity of each is the climate
physiographical region (i.e., the biome in which the city is located) (Booth et al., 2016, Hale
et al., 2016). Hughes et al. (2014) noted that urban streams respond to both latitudinal and
longitudinal impacts at scales from watershed to stream reach, but Ramirez et al. (2012)
found that island streams, including those of Puerto Rico, are most responsive to longitudinal connectivity to the sea for diadromous species.
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Streams can provide numerous ecosystem services to cities (Everard & Moggridge, 2012,
Delibas & Tezer, 2017), including water storage and nutrient uptake. The Urban Watershed
Continuum (Kaushal & Belt, 2012) stresses that connectivity of streams from headwaters
to discharge must be maximized to support peak efficiency stressing a continuum of engineered and natural hydrologic flowpaths to transform and transport materials and energy
based on hydrologic residence times. Headwater streams are critical for watershed functioning because of their major contribution to stream length and proximity to local pollution inputs. However, they have been buried all around the world at a disproportionate rate
because of their small size. Elmore and Kaushal (2008) documented that 66% of all headwater streams in central Baltimore, Maryland and 70% of streams in watersheds smaller
than 260 ha had been buried during urbanization. In addition to serving as a constriction
point leading up chaotic upstream flooding, buried streams disrupt nutrient retention
upstream and Beaulieu et al. (2015) found that nitrate travelled on average 18 times farther
downstream in buried streams before biological uptake in the stream channel.
Pinkham (2000) coined the term “daylighting” to describe the process of exposing previously buried streams. Collapse of a street over the buried Ilisos River in Athens, Greece
has led to a plan to daylight the river channel as both a lower cost alternative and green
infrastructure for stormwater (BBC News 27 February 2019). Elsewhere, stream daylighting
has gained wide acceptance in numerous cities of the temperate zone (Buchholz & Younos,
2007). Stream daylighting is not well advanced in LAC, with one of the earliest projects
under consideration for Medellin, Colombia (Calderon, 2013). Everard and Moggridge (2012)
stressed the need for planning tools to implement stream restoration technologies, and
Hale et al. (2016) suggested controlled, large-scale research at select sites globally to
fine-tune urban climate, effectively a biome base approach. Finally, of the 26 key identified
research needs requiring immediate attention in urban stream ecology, most focus on
the need for further understanding stressors of streams within the context of the Urban
Stream Syndrome (Wenger et al., 2009).

Biomes for Evaluating Green Infrastructure. Environmental management has recently
been based at the watershed scale. This is totally appropriate as watersheds are a single
hydrological unit from headwaters to discharge downstream and includes both surface and
groundwater. Both Hydro-BID and Nature Reserves programs have demonstrated the value
of watershed approaches to water security issues, but they have also shown how significant interbasin differences can be, even for seemingly similar adjacent basins (Crisman
2014). The types of questions that can be addressed effectively depend on watershed size.
For massive watersheds like the Amazon and Orinoco, regional issues like climate change
and massive deforestation can be addressed, but only small to intermediate sub-watersheds are appropriate for understanding impacts associated with individual development
projects. No standardized watershed exists that can serve as a single model at national
and regional levels.
Ecoregions, first proposed by Loucks (1962) and adopted by the U.S. EPA in the late 1980s
(Omernik, 2004), are macroscale terrestrial and aquatic ecosystems that interact in a
predictable fashion with a set of abiotic and biotic factors (Bailey, 2004). They are usually
considered subsets of biomes and share a geographical distribution with comparable life
zones and biogeographic provinces. WWF has divided the earth into 867 terrestrial, 426

18

freshwater and 232 coastal and continental shelf ecoregions based on their distinct biota.
Of these, 238 single or combined ecoregions are considered of conservation priority.
Ecoregions are clustered into complexes and bioregions defined by similar biogeographic history and strong affinity at higher taxonomic levels, 42 of which are located in LAC.
This extremely complex classification hinders the development of standard practices for
addressing green infrastructure project applications throughout LAC. In addition, there
is no direct relationship between ecoregions and the extent of individual watersheds and
greatest emphasis is placed on biodiversity, often out of the context of the physical environment and human interactions. Ecoregions are embraced by several conservation
organizations, including WWF and The Nature Conservancy, as the baseline for conservation strategies and ecosystem management, including LAC (Olson et al., 2001, Dinerstein
et al., 1995). Detailed ecoregion maps for both terrestrial and aquatic systems have been
published for all of LAC and most nations.
A biome is a zone of common physical environment and climate with distinct plants and
animals adapted to that set of conditions. Because they are controlled by physical parameters, they share common characteristics throughout their global extent. It is proposed that
biomes become the basic geographic unit for developing regional and national action plans
for green infrastructure implementation. Individual biomes often have numerous ecoregions and habitats, but they provide a baseline for developing principles that recognize the
overriding importance of the hydrological cycle, local geology, elevation and common land
use practices in water resource management.
It is suggested that six biomes in LAC become the basis of guidelines for assessing pending and current green infrastructure projects relative to physical and biological environmental parameters in the context of landscape and water management, urbanization and
climate change (Figure 2). Although not a “natural” biome, Urban has been included as a
seventh category because of the cross-cutting similarities in structure and function of all
major urban areas as well as their individuality driven in large part by their biome location.
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Figure 2. Major biomes in LAC. Adapted from Olson et al., 2001.

Montane. This biome includes both the high mountains above treeline and high mountain
forests. The dominant ecosystem types in these areas are extremely fragile páramos and
bofedales, whereas glaciers, the main water supply, are quickly disappearing.

Rain Forests. Rain forests are characterized by high rainfall, plant production and biodiversity, but are extremely sensitive to disturbance. In addition to the Amazon basin, rain
forests are found throughout Central America and as far north as southern Mexico.

Savannas. Extensive grasslands found in Venezuela, Brazil and southeastern South America. They typically have a high natural fire frequency, which has been expanded by humans
to provide high quality pasture for cattle.

Dry Forests. Dry forests extend along the Pacific coast from southern Mexico through
Central America and into northern South America and eastern and central Brazil (Cerrado). They are also the dominant biome on the southern portion of Caribbean islands with
mountains high enough to reduce rainfall on their leeward flanks. Dry forests experience
pronounced annual wet and dry seasons and generally exhibit high fire frequencies.
20

Deserts. The most extensive deserts in LAC are in northern Mexico, the Pacific coast from
Peru to northern Chile and in Argentina (Patagonian Desert). A few southern Caribbean
islands are also dominated by desert biomes as are some parts of the high Andes. Desert
biomes are extremely fragile systems with slow recovery rates following disturbances.

Coastal. Coastal areas are often considered a separate biome based on shared interactions between terrestrial and marine habitats that are universal globally. LAC is characterized by numerous coastal terrestrial biomes from Mata Atlantica forests in Brazil to deserts along the Pacific coast of South America, dry forests of Pacific Central America and
rainforests of Caribbean Central America. Recognition of a distinct coastal biome is also a
unifying concept critical to management of Caribbean islands.

Urban. Ellis and Ramankutty (2008) and Pincetl (2015) suggested that urban areas be
considered as an anthropogenic biome, with a suite of functions and processes comparable to those of any natural biome. Given LAC’s rapid urbanization, common features and
problems exhibited by all large metropolitan areas as well as linkages with and dependence
on surrounding biomes, it is logical that water security be considered in both natural and
anthropogenic biomes.
Since the structure and function of green infrastructure depend on local biology and
climate, differences in key physical/chemical and biological parameters determine overall
project efficiency (Table 1). Understanding a biome’s conditions is critical to determine
green infrastructure technologies suitability and their resilience to climate change. Each
biome will have a suite of aquatic plants adapted to local temperature, hydrology, length of
growing season, and sunlight conditions. These factors must be considered when selecting those plants with the best survival and productivity prospects and with the greatest
potential for product development by local communities.

Table 1. Biome Influenced Wetland Parameters

Physical and Chemical Parameters
Precipitation: total and annual distribution of precipitation
Evaporation-transpiration rates
Groundwater and surface water resources
Local geology: dominant rock and soil type, weathering rates and levels of nutrients, conductivity and heavy metals
Elevation and temperature: length of growing season, daily and annual temperature ranges
Solar insolation: total and annual distribution, wavelengths
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Biological Parameters
Macrophyte species presence and availability
Productivity of plant species under local conditions
Potential for product development from candidate wetland and swamp plants

The biome approach to green infrastructure and NBS is recognized as an emerging approach for evaluating climate change impacts and human alterations to landscapes. Both
de Groot et al. (2012) and Costanza et al. (2014) calculated ecological services’ values for 10
of the 12 global biomes defined by de Groot et al. (2010). The most critical biome affecting
water security in LAC, montane, was left out of analyses likely due to a scarcity of data
points. Costanza et al. (2014) stressed that it is critical to factor a biome’s geographical
changes into all valuations, as boundaries are dynamic and responsive to climate control
and human landscape alterations. Finally, Boumans et al. (2002) used GUMBO, a metamodel of the biosphere to simulate services and ecosystem goods for 11 biomes. The model is a
synthesis of several dynamic global models of intermediate complexity for both social and
natural sciences. They estimated that global ecosystem services were 4.5 times greater
than gross world product in 2000.
The geographic extent of LAC’s biomes is changing in response to climate change. The
high montane Andes currently accounts for 9.5% of the world’s freshwater resources, but
it is experiencing rapid warming and the retreat and loss of glaciers, especially in the central Andes, threatening the water security of cities like La Paz (Russell et al., 2017). Similar
changes in the extent of savanna and rainforest biomes are expected (Salazar et al., 2007).
In addition, there are major metropolitan areas in all biomes of LAC, which might be considered Anthropocene biomes. There is a critical need to develop broad principles governing the three nexus sectors that can be applied to similar areas throughout LAC. Adaptive
management strategies must be put in place to account for water resources changes
associated with shifts between biome types as a result of climate change.
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CHALLENGES FOR GREEN
INFRASTRUCTURE AND THE NEXUS
Convincing Stakeholders. While ecologists have long separated humans from nature,
they recently began to recognize the dynamics of tightly linked social-ecological systems
(Alessa & Chapin, 2008). Brink et al. (2016) suggested that ecosystem-based adaptation
(EbA) (i.e., nature-based solutions) are too narrowly focused and lack interdisciplinary rigor,
with few studies including stakeholders participation. The authors raised three challenges
to future research: 1) integrating systems perspectives of EbAs within a socio-economic context, 2) identifying human winners and losers in EbA projects and 3) placing more
emphasis on EbA’s role in transformative adaptation. Yocum (2014) stressed that project
success should be gauged by both socio-economic and ecological performance and must
include community, educational and participatory considerations. Moreover, Pickett et al.
(2001) noted that urban ecosystems studies are full of contrasts of urban versus biological
planning, ecology versus ecology of cities, and disciplinary versus interdisciplinary, and
posited that they must be reformulated into a human ecosystem framework.
Quintero (2012) stressed the need to move away from a project-to-project approach and
embrace a broader temporal and regional perspective. Pincetl (2015) proposed that urban
ecosystem services be evaluated within the framework of the urban biome, within which
cities will be classified by city-type and characterized by climate zone.

Governments and Policy. Although the United Kingdom has created a legal framework
for green infrastructure to promote quality environments via integrative design, social
inclusion and public participation, there remains a big gap between goals and project
implementation (Mell, 2009, Roe & Mell, 2013). The result is “institutional schizophrenia”, a
fragmented approach that affects stakeholder collaboration and confidence and is associated with restrictions placed on local authorities. Additionally, Kabisch et al. (2016) identified the challenges that science and policy face to implement nature-based solutions: 1)
produce stronger evidence of their value through concrete results, 2) address governance
issues by establishing networks of society, nature-based supporters and practitioners,
and 3) consider integrated governance approaches that include all stakeholders to address
socio-environmental justice and social cohesion issues.

Economic Feasibility and Project Funding. The UNDP, WWF, TNC and World Bank embrace emerging economic arguments that green infrastructure can provide the same or
better benefits than gray infrastructure and with cheaper investments (Green et al., 2015).
Its benefits can be direct (sale of goods, clean water, cultural services that can be traded
on the market) or indirect (positive externalities including lower risk of flooding or altered
climate) and are extremely hard to assess in traditional economic models (Jaffe, 2010,
Bockarjova & Botzen, 2017, Barbier, 2011). Ecosystem services are broadly considered to be
human benefits derived from processes reflecting ecosystem structure and function. Costanza et al. (2014) pointed out that valuations of ecoservices is not the same as commodification or privatization and that many ecoservices are best considered public goods or
common pool resources. Regardless, if nature contributes significantly to human well-be-
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ing, then it is a major contributor to the real economy. Although valuation is usually driven
by short-term human preferences without considering the value of avoiding catastrophic
ecosystem change (Limburg et al., 2002), the European Community has tried to address
this bias by actively investing in NBS to develop ecosystem services regionally and globally
(Lafortezza et al., 2018, Nesshover et al., 2017).
Patterson (2002), using ecological pricing theory, estimated the ecosystem services global
value at 25 trillion USD in 1994, and this value rose rapidly from 33 trillion USD in 1997 to 46
trillion USD in 2007 and 125 trillion USD in 2011 (Costanza et al., 2014). Noting that ecosystem goods and services data are scattered or unpublished and difficult to interpret due to
the use of incompatible scales and classification systems, de Groot et al. (2002) proposed
a standardized classification scheme consisting of 23 functions. An Ecosystem Service
Value Database (ESVD) was then developed based on over 1251 value data points (Van de
Ploeg et al., 2010).
There is no standardization in the spatial scale for the calculation of ecosystem services.
Costanza et al. (2014) suggested that regional aggregates of individual sites and multiple
ecosystem services are useful for assessing land use change scenarios, national level
aggregates for revising national income accounts and globally for raising awareness of the
importance of ecosystem services. Naturvation, an ongoing European Union project, is developing a classification scheme for ecosystem services to categorize NBS at ecosystem
and landscape levels (Bockarjova & Botzen, 2017). The next step in this project is to develop
an alternative benefit transfer method to apply value to goods from different contexts and
to estimate benefit transfer functions for different NBS. It is recognized that values for different ecosystem services vary among regions, related in part to how stakeholders value
services at different spatial scales (Brander et al., 2013, Hein et al., 2006).
As pointed out earlier in this report, the biome approach to water security and NBS is being
recognized as an emerging method for evaluating both climate change impacts and human
alterations to landscapes.
Although 94% of LAC households have access to improved water, 17% lack wastewater
treatment services (Fay et al., 2017). Overall, the region spends only 3% of GNP on infrastructure, compared to 4-7% elsewhere. Data on the sewer networks are lacking for most
cities in LAC, and most infrastructure management has focused on water supply and quality, paying little attention to flood control in cities (Tellman et al., 2018). Green infrastructure
and NBS can be as effective or more so than gray infrastructure as treatment options in
both rural and urban areas. Direct comparison of the economics of green vs. gray is extremely complicated because enhanced ecosystem services are often indirect and difficult
to put into economic terms (Jaffe, 2010). It is clear, however, that green and gray infrastructures are synergistic, but while gray is designed to meet a set of design criteria, green
is adaptable to changes in environmental, economic and social baselines and often undervalued when this added dimension is not considered (Palmer et al., 2015).
Several tools have been proposed to place economic value on green infrastructure and
NBS for comparison with gray infrastructure. Examples include the U.S. EPA’s cost-benefit analysis with focus on urban areas (https://www.epa.gov/green-infrastructure/
green-infrastructure-cost-benefit-resources), the Center for Neighborhood Technology Green Values Calculator (http://greenvalues.cnt.org/national/benefits_detail.
php#reduced-treatment), and the Green Infrastructure Valuation Toolkit from the Natu-
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ral Economy Northwest program (UK) http://www.greeninfrastructurenw.co.uk/html/
index.php?page=projects&GreenInfrastructureValuationToolkit=true). However, it is
extremely difficult to apply tools developed for the north temperate zone to the diversity of
conditions present in LAC’s biomes and urban areas. While greater investment is needed
to develop specific tools for the region, Hydro-BID is an excellent start.
There are several approaches for valuing and funding watershed level NBS and green infrastructure. Recognizing that water supplied to 82% of the world’s population from upstream
sources is highly impaired, Green et al. (2015) developed the Freshwater Provisioning Index
for Humans (FPlh) to map upstream source areas for water utilized downstream. Far too
often headwaters are ignored, as are cumulative pollution inputs along a river course, to
focus only on water quantity and quality at the point of use downstream. Green et al. (2015)
also recognized the importance of water footprint and life cycle analysis and the water
poverty index that links human and ecosystem uses of water.
Tellman et al. (2018) emphasized that water conservation in the upper watershed is critical
for both water security for LAC cities and for reducing threats from catastrophic floods.
They noted that there are significant opportunities for these components of water security for 42 of the largest cities in LAC and their 96 million inhabitants. Most, if not all, cities
are likely to require integrated green and gray infrastructure designs to provide adequate
protection, but given the limited funding available, cities must be prioritized according to
risk threat and the number of people likely to be affected by any actions.
Water funds are organizations that bring together private and civil society stakeholders to
promote water security through NBS and sustainable watershed management, fostering
long-term watershed conservation for both humans and biodiversity. As of 2014, there
were 30 funds in operation or development in LAC (Bremer et al., 2016). Such programs can
promote water security in cities and reduce flood risks (Tellman et al., 2018), but there is a
current lack of sufficient information to develop NBS that are city and watershed specific.
To date, the most effective use of NBS has been for small watersheds, where reduced conservation areas are needed and lower financial input can be expected (Tellman et al., 2018,
Palmer et al., 2015). Finally, while assessment of societal values from ecosystem services
is well developed in LAC, payments for services have received considerable attention but
have received limited attention throughout the region (Balvanera, 2012).
The nexus is the best baseline to develop models integrating water, energy and food into
an expandable and adaptable system that can include additional interacting parameters
with multiple time and spatial scales. Watersheds and biomes are the ideal landscape
units for comparative studies throughout LAC. There is a need, however, to standardize
terminology and to apply and fine-tune analytical tools such as MRIO models using real-time data collection from Earth observation systems in order to implement adaptative
management scenarios to meet challenges from climate change, catastrophic events, and
changes in human demographics and landscapes (Muñoz Castillo et al., 2017, 2019). Given
LAC’s rapid urbanization, it is critical to recognize that cities are urban biomes with both
common structures and functions that must be fine-tuned within the WEF nexus of the
“natural” biome where they are situated. Nature based solutions can provide swift and highly effective alternatives to traditional engineering solutions that are costly, have finite life
expectancy and are too slow to tackle fast-changing human and environmental conditions.
In particular, NBS show great promise for managing the quick-changing nexus of cities of
all scales throughout the region.

25

ACKNOWLEDGEMENTS
This project was funded through the Water and Sanitation Division of the Inter-American
Development Bank (IDB) in Washington, D.C. The authors express their gratitude to Germán
Sturzenegger of the IDB for his vision of this project from the beginning and his leadership
to keep it on course. We also thank Fernando Miralles-Wilhelm and Steven Collins for their
detailed reviews of the manuscript draft.

REFERENCES
Adams, M. and A.E. Ghaly. 2007 Maximizing sustainability of the Costa Rican coffee industry. Journal of Cleaner Production 15:1716-1729.
Albrecht, T.R., A. Crootof and C.A. Scott. 2018 The water-energy-food nexus: a systematic
review of methods for nexus assessment. Environmental Research Letters 13: 043002.
Alessa, L. and F.S. Chapin III. 2008. Anthropogenic biomes: a key contribution to earth-system science. Trends in Ecology and Evolution 23 (10):529-531.
Allan, T., M. Keulertz and E. Woertz. 2015. The water-food-energy nexus: an introduction to
nexus concepts and some conceptual and operational problems. International Journal of
Water Resources Development 31 (3):301-311.
Al-Saidi, M. and N.A. Elagib. 2017. Towards understanding the integrative approach of the
water, energy, and food nexus. Science of the Total Environment 574:1131-1139.
Andersson, E.P., C.N. Jenkins, S. Heilpern, J.A. Maldonado-Ocampo, F.M. Carvajal-Vellejos,
A.C. Encalada, J.F. Rivadeneira, M. Hidalgo, C.M. Canas, H. Ortega, N. Salcedo, M. Maldonado and P.A. Tedesco. 2018. Fragmentation of Andes-to-Amazon connectivity by hydropower dams. Science Advances 4: eaao1642.
Arias, M.E. and M.T. Brown. 2009. Feasibility of using constructed treatment wetlands for
municipal wastewater treatment in the Bogota Savannah, Colombia. Ecological Engineering 35:1070-1078.
Artmann, M. and K. Sartison. 2018. The role of urban agriculture as a nature-based solution: a review for developing a systematic assessment framework. Sustainability 10: 1937;
doi: 10.3390/su10061937
Bailey, R.G. 2004. Identifying ecoregion boundaries. Environmental Management 34 (Suppl
1):S14-S26.

26

Balvanera, P., M. Uriarte, L. Almeida-Lenero. A. Altesor, F. DeClerck, T. Gardner, J. Hall,
A. Lara, P. Laterra, M. Pena-Claros, D.M. Silva Matos, A.L. Vogl, L.P. Romero-Duque, L.F.
Arreola, A.P. Caro-Borrero, F. Gallego, M. Jain, C. Little, R. de Oliveira Xavier, J.M. Paruelo,
J.E. Peinado, L. Poorter, N. Ascarrunz, F. Bebbington, A. and M. Williams. 2008. Water and
mining conflicts in Peru. Mountain Research and Development 28 (3/4):190-195.
Barbier, E.B. 2011. Pricing nature. Annual Review of Resource Economics 3:337-353.
Barrett, K. and K. Bosak. 2018. The role of place in adapting to climate change: a case
study from Ladakh, western Himalayas. Sustainability 10 (4): p 898.
Barthel, S. and C. Isendahl. 2013. Urban gardens, agriculture and water management:
sources of resilience for long-term food security in cities. Ecological Economics 86:224234.
Beaulieu, J.J., H.E. Golden, C.D. Knightes, P.M. Mayer, S.S. Kaushal, M.J. Pennino, C.P.
Arango, D.A. Balz, C.M. Elonen, K.M. Fritz and B.H. Hill. 2015. Urban stream burial increases
watershed-scale nitrate export. PLosOne 10 (7): e012256.
Belmont, M.A. and C.D. Metcalfe. 2003. Feasibility of using ornamental plants (Zantedeschia aethiopica) in subsurface flow treatment wetlands to remove nitrogen, chemical oxygen demand and nonylphenol ethoxylate surfactants – a laboratory-scale study. Ecological
Engineering 21:233-247.
Belmont, M.A., E. Cantellano, S. Thompson, M. Williamson, A. Sanchez and C.D. Metcalfe.
2004. Treatment of domestic wastewater in a pilot-scale natural treatment system in central Mexico. Ecological Engineering 23:299-311.
Bockarjova, M. and W.J. Wouter Botzen. 2017. Review of economic valuation of nature
based solutions in urban areas. NATURVATION. Naturvation Project.
https://naturvation.eu/
Booth, D.B., A.H. Roy, B. Smith and K.A. Capps. 2016. Global perspectives on the urban
stream syndrome. Freshwater Science 35 (1):412-420.
Boumans, R., R. Costanza, J. Farley, M.A. Wilson, R. Portela, J. Rotmans, F. Villa and M.
Grasso. 2002. Modeling the dynamics of the integrated earth system and the value of global ecosystem services using the GUMBO model. Ecological Economics 41:529-560.
Bradley, R.S., M. Vuille, H.F. Diaz and W. Vergara. 2006. Threats to water supplies in the
tropical Andes. Science 312:1755-1756.
Brander, L., R. Brouwer and A. Wagtendonk. 2013. Economic valuation of regulating services provided by wetlands in agricultural landscapes: a meta-analysis. Ecological Economics 56:89-96.
Bremer, L.L., D.A. Auerbach, J.H. Goldstein, A.L. Vogl, D. Shemie, T. Kroeger, J.L. Nelson,
S.P. Benitez, A. Calvache, J. Guimaraes, C. Herron, J. Higgins, C. Klemz, J. Leon, J.S. Loza-

27

no, P.H. Moreno, F. Nunez, F. Veiga and G. Tiepolo. 2016. One size does not fit all: natural
infrastructure investments within the Latin American Water Funds Partnership. Ecosystem Services 17:217-236.
Brink, E., T. Aalders, D. Adam, R. Feller, Y. Henseleki, A. Hoffmann, K. Ibe, A. Matthey-Doret,
M. Meyer, N.L. Negrut, A.-L. Rau, B. Riewerts, L von Schuckmann, S. Tornros, H. von Wehrden, D.J. Abson and C. Wamsler. 2016. Cascades of green: a review of ecosystem-based
adaptation in urban areas. Global Environmental Change 36:111-123.
Buchholz, T. and T. Younos. 2007. Urban stream daylighting: case study evaluations. VWRRC Special Report SR35-2007, Virginia Tech. Blacksburg, VA.
Buytaert, W. and B. De Bievre. 2012. Water for cities: The impact of climate change and
demographic growth in the tropical Andes. Water Resources Research 48:8503-8516.
Buytaert, W., R. Celleri, B. De Bievre, F. Cisneros, G. Wyseure, J. Deckers and R. Hofstede.
2006. Human impact on the hydrology of the Andean páramos. Earth-Science Reviews
79:53-72.
Calderon, E. 2013. Daylighting an urban creek: a Latin American utopia? Edinburgh Architectural Research Journal 33: http://sites.ace.ed.ac.uk/ear/home
Carneiro, A.C.G., H. Nunez, M.M.G.A. Moraes, and H. Onal. 2014. An economic analysis of
land use changes and biofuel feedstock production in Brazil: the role of irrigation water.
http://www.webmeets.com/files/papers/wcere/2014/993/WCERE%202014%Onal%20
et%20al.pdf
Cerri, C.C., M.V. Galdos, S.M.F. Maia, M. Bernoux, B.J. Feigi, D. Powlson and C.E.P. Cerri.
2011. Effect of sugarcane harvesting systems on soil carbon stocks in Brazil: an examination of existing data. European Journal of Soil Science 62:23-28.
Chevallier, P., B. Pouyand, W. Suarez and T. Condom. 2011. Climate change threats to
environment in the tropical Andes: glaciers and water resources. Regional Environmental
Change 11 (Suppl. 1):S179-S187.
Clouse, C. 2014. Learning from artificial glaciers in the Himalaya: design for climate change
through low-tech infrastructural devices. Journal of Landscape Architecture 9 (3):6-19.
Clouse, C. 2016. Frozen landscapes: climate-adaptive design interventions in Ladakh and
Zanskar. Landscape Research 41 (8):821-837.
Clouse, C., N. Anderson and T. Shippling. 2017 Ladakh’s artificial glaciers: climate-adaptive
design for water scarcity. Climate and Development 9 (5):428-438.
Cohen-Shacham, E., G. Walters, C. Janzen, and S. Maginnis. (eds.). 2016.
Nature-based solutions to address global societal challenges. IUCN. Gland, Switzerland.
97pp.

28

Costanza, R., R. de Groot, P. Sutton S. van der Ploeg, S.J. Anderson, I. Kubiszewski, S.
Farber and R. K. Turner. 2014. Changes in the global value of ecosystem services. Global
Environmental Change 26:152-158.
Costanza, R., R. d’Arge, R. de Groot, S. Farber, M. Grasso, B. Hannon, K. Limburg, S. Naeem,
R.V. O’Neill, J. Paruelo, R.G. Raskin, P. Sutton and M. van den Belt. 1997. The value of the
world’s ecosystem services and natural capital. Nature 387:253-260.
Crisman, T.L. 2014. Estimating ecological flow within the Kara Khota and Kullu Cachi watersheds, La Paz, Bolivia. Inter-American Development Bank, Washington, DC. 83pp.
Dallas, S., B. Scheffe and G. Ho. 2004. Reedbeds for greywater treatment - a case history in
Santa Elena-Monteverde, Costa Rica, Central America. Ecological Engineering 23:55-61.
Daniels, A.E. and G.S. Cumming. 2008. Conversion or conservation? Understanding wetland change in northwest Costa Rica. Ecological Applications 18 (1):49-63.
da Silva Soito, J.L. and M.A. Vasconcelos Freitas. 2011. Amazon and the expansion of hydropower in Brazil: vulnerability, impacts, and possibilities for adaptation to global climate
change. Renewable and Sustainable Energy Reviews 15:3165-3177.
de Groot, R.S., M.A. Wilson and R.M.J. Boumans. 2002. A typology for the classification, description and valuation of ecosystem functions, goods and services. Ecological Economics
41:393-408.
de Groot, R.S., B. Fisher, M. Christie, J. Aronson, L.R. Braat, J. Haines-Young Gowdy, E.
Maltby, A. Neuville, S. Polasky, R. Portela and I. Ring. 2010. Integrating the ecological and
economic dimensions in biodiversity and ecosystem service valuation. Chapter 1 IN: P. Kumar (ed.). TEEB Foundations, The Economics of Ecosystems and Biodiversity: Ecological
and Economic Foundations. Earthscan. London.
de Groot, R., L. Brander, S. van der Ploeg, R. Costanza, F. Bernard, L. Braat, M. Christie, N.
Crossman, A. Ghermandi, L. Hein, S. Hussain, P. Kumar, A. McVittie, R. Portela, L.C. Rodriguez, P. ten Brink and P. van Beukering. 2012. Global estimates of the value of ecosystems
and their services in monetary units. Ecosystem Services 1:50-61.
Delibas, M. and A. Tezer. 2017. “Stream Daylighting” as an approach for the renaturalization
of riverine systems in urban areas: Istanbul-Ayamama Stream. Ecohydrology and Hydrobiology 17:18-32.
Denny, P. 1997. Implementation of constructed wetlands in developing countries. Water
Science and Technology 35 (5):27-34.
de Szoeke, S.M., T. L. Crisman and P.E. Thurman. 2016. Comparison of macroinvertebrate
communities of intermittent and perennial streams in the dry forest of Guanacaste, Costa
Rica. Ecohydrology 9:659-672.
Dieleman, H. 2014. Urban agriculture in Mexico City; balancing between ecological, eco-

29

nomic, social and symbolic value. Journal of Cleaner Production 83:1-4.
Dinerstein, E., D.M. Olson, D.J. Graham, A.L. Webster, S.A. Primm, M.P. Bookbinder, G.
Ledec and World Wildlife Fund. 1995. A Conservation Assessment of the Terrestrial Ecoregions of Latin America and the Caribbean. World Bank, Washington D.C. 129pp.
Ellis, E.C. and N. Ramankutty. 2008. Putting people in the map: anthropogenic biomes of
the world. Frontiers in Ecology and Environment 6 (8):439-447.
Elmore, A.J. and S.S. Kaushal. 2008. Disappearing headwaters: patterns of stream burial
due to urbanization. Frontiers in Ecology and Environment 6 (6):308-312.
Everard, M. and H.L. Moggridge. 2012. Rediscovering the value of urban rivers. Urban Ecosystems 15:293-314.
FAO. 2016. AQUASTAT Online Database. Food and Agriculture Organization, Rome.
Favier, V. Jomelli, R. Galarraga, P. Ginot, L. Maisincho, J. Mendoza, M. Menegoz, E. Ramirez,
P. Ribstein, W. Suarez, M. Villacis and P. Wagnon. 2013. Current state of glaciers in the
tropical Andes: a multi-century perspective on glacier evolution and climate change. The
Cryosphere 7:81-102.
Fay, M., L.A. Andres, C. Fox, U. Narloch, S. Straub, and M. Slawson. 2017. Rethinking infrastructure in Latin America and the Caribbean: Spending better to achieve more. World
Bank Group, Washington, D.C. (http://dx.doi.org/10.1596/978-1-4648-1101-2).
Feng, Y, S. Burian and C. Pomeroy. 2016. Potential of green infrastructure to restore predevelopment water budget of a semi-arid urban catchment. Journal of Hydrology 542:744755.
Ferreira, M.P., D.S. Alves and Y.E. Shimabukuro. 2015. Forest dynamics and land-use transitions in the Brazilian Atlantic Forest: the case of sugarcane expansion. Regional Environmental Change 15:365-377.
Finer, M. and C.N. Jenkins. 2012. Proliferation of hydroelectric dams in the Andean Amazon
and implications for Andes-Amazon connectivity, PloS One 7 (4):e35126.
Fonken, M.S.M. 2014. An introduction to the bofedales of the Peruvian High Andes. Mires
and Peat 15: Article 05 pages 1-13.
Forsberg, B.R., J.M. Melack, T. Dunne, R.B. Barthem, M. Goulding, R.C.D. Paiva, M.V. Sorribas, U.L. Silva, Jr. and S. Weisser. 2017. The potential impact of new Andean dams on
Amazon fluvial ecosystems. PLos ONE 12 (8): e0182254.
Frid, C., E. Andonegi, J. Depestele, A. Judd, D. Rihan, S.I. Rogers and E. Kenchington. 2012.
The environmental interactions of tidal and wave energy generation devices. Enviromental
Impact Assessment Review 32:133-139.

30

Gonzales, F.T., G.G. Vallejos, J.H. Siveira, C.Q. Franco, J. Garia and J. Puigagut. 2009. Treatment of swine wastewater with subsurface-flow constructed wetlands in Yucatan, Mexico:
influence of plant species and contact time. Water SA 35(3):335-342.
Graefe, S., D. Dufour, A. Giraldo, L.A. Muñoz, P. Mora, H. Solis, H. Garces and A. Gonzalez.
2011. Energy and carbon footprints of ethanol production using banana and cooking banana
discard: a case study from Costa Rica and Ecuador. Biomass and Bioenergy 35:2640-2649.
Grau, H.R. and M. Aide. 2008 Globalization and land-use transitions in Latin America. Ecology and Society 13 (2) 16.
Green, P.A., C.J. Vorosmarty, I. Harrison, T. Farrell, L. Saenz and B.M. Fekete. 2015. Freshwater ecosystem services supporting humans: pivoting from water crisis to water solutions. Global Environmental Change 34:108-118.
Grygoruk, M., D. Miroslaw-Swiatek, W. Chrzanowska and S. Ignar. 2013. How much for water? Economic assessment and mapping of floodplain water storage as a catchment-scale
ecosystem service of wetlands. Water 5:1760-1779.
Guido, Z., J.C. McIntosh, S.A. Papuga and T. Meixner. 2016. Seasonal glacial meltwater
contributions to surface water in the Bolivian Andes: a case study using environmental
tracers. Journal of Hydrology: Regional Studies 8:260-273.
Haberl, R. 1999. Constructed wetlands: a chance to solve wastewater problems in developing countries. Water Science and Technology 40 (3):11-17.
Hale, R.L., M. Scoggins, N.J. Smucker and A. Suchy. 2016. Effects of climate on the expression of the urban stream syndrome. Freshwater Science 35 (1):421-428.
Harden, C.P. 2006. Human impacts on headwater fluvial systems in the northern and central Andes. Geomorphology 79:249-263.
Hashemi, S.S.G., H.B. Mahmud and M.A. Ashraf. 2015. Performance of green roofs with
respect to water quality and reduction of energy consumption in tropics: a review. Renewable and Sustainable Energy Reviews 52:669-679.
Hein, L., K. van Koppen, R.S. de Groot and E.C. van Ierland. 2006. Spatial scales, stakeholders and the valuation of ecosystem services. Ecological Economics 57:209-228.
Hijosa-Valsero, M., V. Matamoros, R. Sidrach-Cardona, J. Martin-Villacort, E. Becares and
J. M. Bayona. 2010. Comprehensive assessment of the design configuration of constructed
wetlands for removal of pharmaceuticals and personal care products from urban wastewaters. Water Research 44:3669-3678.
Hoekstra, A.Y. and M.M. Mekonnen. 2012. The water footprint of humanity. Proceedings of
the National Academy of Sciences 109:3232-3237.
Hoff, H. 2011. Understanding the nexus. Background Paper for the Bonn 2011 Conference:

31

The Water, Energy and Food Security Nexus. Stockholm Environment Institute. Sweden.
Hogeboom, R.J., L. Knook and A.Y. Hoekstra. 2018. The blue water footprint of the world’s
artificial reservoirs for hydroelectricity, irrigation, residential and industrial water supply,
flood protection, fishing and recreation. Advances in Water Resources 113:285-294.
Huttunen, S. and A. Lampinen. 2005. Bioenergy Technology Evaluation and Potential in
Costa Rica. Research Reports in Biological and Environmental Sciences 81. University of
Jyvaskyla, Finland. https://jyx.jyu.fi/handle/123456789/18308
IEA. 2016. World Energy Outlook 2016. OECD/International Energy Agency, Paris.
Jaffe, M. 2010. Reflections on green infrastructure economics. Environmental Practice
12:357-365.
Jager, H.I. and M.S. Bevelhimer. 2007 How run-of-river operation affects hydropower generation. Environmental Management 40:1004-1015.
Janssen, R. and D.D. Rutz. 2011. Sustainability of biofuels in Latin America: risks and opportunities. Energy Policy 39:5717-5725.
Johnson, D.B. and K.B. Hallberg. 2005. Acid mine drainage remediation options: A review.
Science of the Total Environment 338:3-14.
Junk, W.J., P.B. Bayley and R.E. Sparks. 1989. The Flood Pulse Concept in river-floodplain
systems. pp 110-127. IN: D.P. Dodge (ed.). Proceedings of the International Large River Symposium. Canadian Special Publication Fisheries and Aquatic Sciences 106.
Kabisch, N., N. Frantzeskaki, S. Pauleit, S. Naumann, McK. Davis, M. Artmann, D. Haase, S.
Knapp, H. Korn, J. Stadler, K. Zaunberger and A. Bonn. 2016. Nature-based solutions to climate change mitigation and adaptation in urban areas: perspectives on indicators, knowledge gaps, barriers, and opportunities for change. Ecology and Society 21 (2):39.
Kadlec, R.H. and R.L. Knight. 1996 Treatment Wetlands. CRC Press. Boca Raton, FL.
Kadlec, R.H. and S.D. Wallace. 2009 Treatment Wetlands. CRC Press. Boca Raton, FL
Kakuru, W., N. Turyahabwe and J. Mugisha. 2013. Total economic value of wetlands products and services in Uganda. The Scientific World Journal. Article ID 192656, 13 pages.
http://dx.doi.org/10.1155/2013/192656.
Kaplan, D., M. Bachelin, R. Muñoz-Carpena, and W.R. Chacon. 2011. Hydrological importance and water quality treatment potential of a small freshwater wetland in the humid
tropics of Costa Rica. Wetlands 31:1117-1130.
Kaushal, S.S. and K.T. Belt. The urban watershed continuum: evolving spatial and temporal
dimensions. Urban Ecosystems 15:409-435.

32

Kiedrzynska, E., M. Kiedrzynski and M. Zalewski. 2015. Sustainable floodplain management
for flood prevention and water quality improvement. Natural Hazards 76:955-977.
Kisner, C. 2008. Green roofs for urban food security and environmental sustainability. Climate Institute http://climate.org/topics/international-action/urban-agriculture.htm
Kivaisi, A.K. 2001. The potential for constructed wetlands for wastewater treatment and
reuse in developing countries: a review. Ecological Engineering 16:545-560.
Kraxner, F., E. Nordstrom, P. Havlik, M.Gusti, A. Mosnier, S. Frank, H. Valin, S. Fritz, S. Fuss,
G. Kindermann, I. McCallum, N. Khabarov, H. Bottcher, L. See, K. Aoki, E. Schmid, L. Mathe
and M. Obersteiner. 2013 Global bioenergy scenarios – future forest development, land-use
implications and trade-offs. Biomass Bioenergy 57:86-96.
Kronvang, B., I.K. Andersen, C.C. Hoffmann, M.L. Pedersen, N.B. Ovesen and H.E. Andersen. 2007. Water exchange and deposition of sediment and phosphorus during inundation
of natural and restored lowland floodplains. Water Air Soil Pollution 181:115-121.
Lafortezza, R., J. Chen, C. K. van den Bosch and T.B. Randrup. 2018. Nature-based solutions for resilient landscapes and cities. Environmental Research 165:431-441.
Leck, H., D. Conway, M. Bradshaw and J. Rees. 2015. Tracing the water-energy-food nexus:
description, theory and practice. Geography Compass 9/8: 445-460.
Limburg, K.E., R. V. O’Neill, R. Costanza and S. Farber. 2002 Complex systems and valuation. Ecological Economics 41:409-420.
Loucks, O. 1962. A forest classification for the Maritime Provinces. Proceedings of the
Nova Scotian Institute of Science 259 (Part 2):85-167.
Ludena, C.E., C. Razo and A. Saucedo. 2007. Biofuels Potential in Latin America and the
Caribbean: Quantitative Considerations and Policy Implications for the Agricultural Sector.
ageconsearch.umn.edu/bitstream/9986/1/sp07lu01.pdf
Lynd, L.R., R.A. Aziz, C.H. de Brito Cruz, A.F.A. Chimphango, L.A.B. Cortez, A. Faaij, N.
Greene, M. Keller, P. Osseweijer, T.L. Richard, J. Sheehan, A. Chugh, L. van der Wielen, J.
Woods and W.H. van Zyl. 2011. A global conversation about energy from biomass: the continental conventions of the global sustainable bioenergy project. Interface Focus 1:271-279.
MacKinnon, K., C. Sobrevila, and V. Hickey. 2008. Biodiversity, Climate Change and Adaptation: Nature-Based Solutions From the World Bank Portfolio. World Bank. Washington, D.C.
Manyari, W.V. and O.A. de Carvalho Jr. 2007. Environmental considerations in energy planning for the Amazon region: downstream effects of dams. Energy Policy:6526-6534.
Martinez, R. 2017. With melting glaciers and mining, Bolivia’s water is running dangerously
low. GlobalPost. https://www.pri.org/stories/2017-01-04/la-paz-short-water-bolivia-ssuffers-its-worst-drought-25-years

33

Martinez-Cruz, P., A. Hernandez-Martinez, R. Soto-Castor, A. Esquivel Herrera and J. Rangel Levario. 2006. Use of constructed wetlands for the treatment of water from an experimental channel at Xochimilco, Mexico. Hydrobiologica 16(3):211-219.
Mell, I.C. 2009. Can green infrastructure promote urban sustainability? Engineering Sustainability 162 (ESI):23-34.
Meusburger, T. Freytag and L. Suarsana (eds.). Ethnic and Cultural Dimensions of Knowledge (Knowledge and Space). Springer. Heidelberg.
Millennium Ecosystem Assessment (MA). 2005. Ecosystems and Human Well-Being: Synthesis. Island Press. Washington. 155pp.
Millones, J.O. 1982. Patterns of land use and associated environmental problems of the
central Andes: an integrated summary. Mountain Research and Development 2(1):49-61.
Mitsch, W.J. 1992. Landscape design and the role of created, restored and natural riparian
wetlands in controlling nonpoint source pollution. Ecological Engineering 1:27-47.
Miralles-Wilhelm, F. 2014. Development and application of analytical tools in support of water-energy-food nexus planning in Latin America and the Caribbean. Water Monographies
2:76-85
Miralles-Wilhelm, F. 2016. Development and application of integrative modeling tools in
support of food-energy-water nexus planning – a research agenda. Journal of Environmental Studies and Sciences 6:3-10.
Mitsch, W.J. and J.W. Day Jr. 2006. Restoration of wetlands in the Mississippi-Ohio-Missouri (MOM) river basin: experience and needed research. Ecological Engineering 26:55-69.
Mitsch, W.J., J. Tejada, A. Nahlik, B. Kohlmann, B. Bernal and C.E. Hernandez. 2008 Tropical wetlands for climate change research, water quality management and conservation
education on a university campus in Costa Rica. Ecological Engineering 34:276-288.
Mittermeier, R.A., M. Totten, L. Ledwith Pennypacker, F. Boltz, C.G. Mittermeier, G. Midgley,
C.M. Rodriguez, G. Prickett, C. Gascon, P.A. Seligmann and O. Langrand. 2008. A Climate for
Life: Meeting the Global Challenge. International League of Conservation Photographers.
Arlington, Virginia.
Moshiri, G.A. 1993. Constructed Wetlands for Water Quality Improvement. Lewis Publishers.
Boca Raton, FL.
Muñoz, M.A., A. Faz and A.R. Mermut. 2015. Soil carbon reservoirs in high-altitude ecosystems in the Andean Plateau. pp 135-153. IN: M. Ozturk, K.R. Hakeem, I. Faridah-Hanum and
R. Efe (eds.). Climate Change Impacts on High-Altitude Ecosystem. Springer Press. Heidelberg.
Muñoz Castillo, R., K. Feng, K. Hubacek, L. Sun, J. Guilhoto and F. Miralles-Wilhelm. 2017.

34

Uncovering the green, blue and grey water footprint and virtual water of biofuel production
in Brazil: a nexus perspective. Sustainability 9: 2019.
Muñoz Castillo, R., K. Feng, L. Sun, U. Guilhoto, S. Pfister, F. Miralles-Wilhelm and K. Hubacek. 2019. The land-water nexus of biofuel production in Brazil: analysis of synergies and
trade-offs using a multiregional input-output model. Journal of Cleaner Production 214:5261.
Nesshover, C., T. Assmuth, K.N. Irvine, G.M. Rusch, K.A. Waylen, B. Delbaere, D. Haase, L.
Jones-Walters, H. Keune, E. Kovacs, K. Krauze, M. Kulvik, F. Rey, J. van Dijk, O.I. Vistad,
M.E. Wilkinson and H. Wittmer. 2017. The science and practice of nature-based solutions:
an interdisciplinary perspective. Science of the Total Environment 579:1215-1227.
Noyola, A., A. Padilla-Rivera, J.M. Morgan-Sagastume, L.P. Guereca and F. Hernandez-Padilla. 2012. Typology of municipal wastewater treatment in Latin America. Clean- Soil, Air,
Water 40 (9):926-932.
Nahlik, A.M. and W.J. Mitsch. 2006. Tropical treatment wetlands dominated by free-floating macrophytes for water quality improvements in Costa Rica. Ecological Engineering
28:246-257.
Nusser, M. and R. Baghel. 2016. Local knowledge and global concerns: artificial glaciers as
a focus of environmental knowledge and development interventions. pp 191-205. IN: P.
Nyquist, J. and M. Greger. 2009. A field study of constructed wetlands for preventing and
treating acid mine drainage. Ecological Engineering 35:630-642.
Olson, D.M., E. Dinerstein, E.D. Wikramanayake, N.D. Burgess, G.V.N. Powell, E.C. Underwood, J.A. D’Amico, I. Itoua, H.E. Strand, J.C Morrison, C.J. Loucks, T.F. Allnut, T.H. Ricketts, Y. Kura, J.F. Lamoreux, W.W Wettengel, P. Hedao and K.R. Kassem. 2001. Terrestrial
ecoregions of the world: a new map of life on earth. BioScience 51(11):933-938.
Omernik, J.M. 2004. Perspectives on the nature and definition of ecological regions. Environmental Management 34 (Suppl. 1):S27-S38.
Opperman, J.J., G.E. Galloway, J. Fargione, J.F. Mount, B.D. Richter and S. Secchi. 2009.
Sustainable floodplains through large-scale reconnection to rivers. Science 326:1487-1488.
Ordonez, J.E.B., S.A.S. Rodriguez, M.L. Perez, R.A.V. Bracamonte, F.R. Angeles, A.G.
Gilbert, and R.S. Navarro. 2015. National Water Reserves Program in Mexico: Experiences
with Environmental Flows and the Allocation of Water for the Environment. Technical Note
IDB-TN-864. Water and Sanitation Division. Inter-American Development Bank.
Orsini, F., M. Morbello, M. Fecondini and G. Gianquinto. 2010. Hydroponic gardens: undertaking malnutrition and poverty through vegetable production in the suburbs of Lima, Peru.
pp 173-178 IN: G. Prosdocimi Gianquinto and F. Orsini (eds.). Proceedings 2nd International
Conference on Landscape and Urban Horticulture. Acta Hort 881 ISHS2010.

35

Palmer, M.A., J. Lin, J.H. Matthews, M. Mumba and P. D’Odorico. 2015. Manage water in a
green way. Science 349 (6248):584-585.
Patterson, M.G. 2002. Ecological production based pricing of biosphere processes. Ecological Economics 41:457-478.
Pedersen, S.F. 2015. Introduction to the quinoa dilemma. 8th Nordic Latin American Research Network Conference. Helsinki, Finland.
Pena, E.J., H. Sandoval, O. Zuniga and M. Torres. 2009. Estimates of carbon reservoirs in
high-altitude wetlands in the Colombian Andes. Journal of Agriculture and Rural Development in the Tropics and Subtropics. 110 (2):115-126.
Pickett, S.T.A., M.L. Cadenasso, J.M. Grove, C.H. Nilon, R.V. Pouyat, W.C. Zipper and R. Costanza. 2001. Urban ecological systems: linking terrestrial ecological, physical and socioeconomic components of metropolitan areas. Annual Review of Ecology and Systematics
32:127-157.
Pinctl, S. 2015. Cities as novel biomes: recognizing urban ecosystem services as anthropogenic. Frontiers in Ecology and Evolution 3: Article 140.
Pinkham, R. 2000. Daylighting: new life for buried streams. Rocky Mountain Institute.
Snowmass, CO.
Poff, N.L. and J.H. Matthews. 2013. Environmental flows in the Anthropocene: past progress and future prospects. Current Opinion in Environmental Sustainability 5:1-9.
Poff, N.L., J.D. Allan, M.B. Bain, J.R. Karr, K.L. Prestegaard, B Richter, R. Sparks and J.
Stromberg. 1997. The natural flow regime: a new paradigm for riverine conservation and
restoration. BioScience 47:769-784.
Qiu, G-Y, H-Y Li, Q-T Zhang, W. Chen, X-J Liang and X-Z Li. 2013. Effects of evapotranspiration on mitigation of urban temperature by vegetation and urban agriculture. Journal of
Integrative Agriculture 12 (8):1307-1315.
Quintero, J.D. 2012. Principles, practices, and challenges for green infrastructure projects
in Latin America. Discussion Paper IDB-DP-250. Inter-American Development Bank. Washington, D.C.
Rabatel, A., B. Francou, A. Soruco, J. Gomez, B. Caceres, J.L. Ceballow, R. Basantes,M.
Vuille, J.E. Sicart, C. Hugel, M. Scheel, Y. Lejeune, Y. Arnaud, M. Collet, T. Condom, G. Consoli, V.
Ramirez, A., A. Engman, K.G. Rosas, O. Perez-Reyes and D.M. Martino-Cardona. 2012. Urban
impacts on tropical island streams: some key aspects influencing ecosystem response.
Urban Ecosystems 15:315-325.
Reynolds, K. 2002. El tratamiento de las aguas residuales en Latinoamérica. Identificación

36

del problema, Agua Latinoamericana. Available at http://www.agualatinoamerica.com/
docs/PDF/DeLaLaveSepOct02.pdf
Richter, B.D., A.T. Warner, J.L. Meyer and K. Lutz. 2006. A collaborative and adaptive
process for developing environmental flow recommendations. River Research and Applications 22:297-318.
Ringler, C., M.W. Rosgrant and M.S. Paisner. 2000. Irrigation and water strategies in Latin
America and the Caribbean: challenges and strategies. International Food Policy Research
Institute, Washington, D.C.
Rios, D.A., A.F.T. Velez, M.R. Pena and C.A.M. Parra. 2009. Changes of flow patterns in a
horizontal subsurface flow constructed wetland treating domestic wastewater in tropical
regions. Ecological Engineering 35:274-280.
Rivera, F., A. Warren, C.R. Curds, E. Robles, A. Gutierrez, E. Gallegos and A. Calderon. 1997.
The application of the root zone method for the treatment and reuse of high-strength
abattoir waste in Mexico. Water Science Technology 35(5)271-278.
Roe, M. and I. Mell. 2013. Negotiating value and priorities: evaluating the demands of green
infrastructure development. Journal of Environmental Planning and Management 56
(4):650-673.
Rosa, L.P., M.A. dos Santos, B. Matvienko, E. Sikar, R.S.M. Lourenco and C.F. Menezes.
2003. Biogenic gas production from major Amazon reservoirs, Brazil. Hydrological Processes 17:1443-1450.
Rowe, D.B. 2011. Green roofs as a means of pollution abatement. Environmental Pollution
159 (8-9):2100-2110.
Russell, A.M., A. Gnanadesikan and B. Zaitchik. 2017. Are the central Andes mountains a
warming hot spot? Journal of Climate 30:3589-3608.
Salati, E. and N.S. Rodrigues (1982). De Poluente a Nutriente, a Descoberta do Aguape.
Revista Brasileira da Tecnologia 13(3):37-42.
Salati, E., E. Salati and E. Salati. 1999. Wetland projects developed in Brazil. Water Science
Technology 40(3):19-25.
Salazar, L.F., C.A. Nobre and M.D. Oyama. 2007. Climate change consequences on the biome distribution in tropical South America. Geophysical Research Letters 34: https://doi.
org/10.1029/2007GL029695
Sandhu, H.S., R.A. Gilbert, G. Kingston, J.F. Subiros, K. Morgan, R.W. Rice, L. Baucum, J.M.
Shine Jr. and L. Davis. 2013. Effects of sugarcane harvest method on microclimate in Florida and Costa Rica. Agricultural and Forest Meteorology 177:101-109.
Schnitzler, W.H. 2012. Urban hydroponics for green and clean cities and for food security.

37

International Symposium on Soilless Cultivation. ISHAS Acta Horticulturae 1004. 10.17660/
ActaHortic.2013.1004.1.
Scott, C.A., M. Kurian and J.L. Wescoat. 2015. The water-energy-food nexus: enhancing
adaptive capacity to complex global challenges. pp. 15-38 IN: M. Kurian and R. Ardakanian
(eds.). Governing the Nexus. Cham:Springer International Publishing.
Simpson, G.B. and G.P.W. Jewitt. 2019. The development of the water-energy-food nexus
as a framework for achieving resource security: a review. Frontiers in Environmental Science 7: article 8.
Sorda, G., M. Banse and C. Kemfert. 2010. An overview of biofuel policies across the world.
Energy Policy 38:6977-6988.
Soruco, A., C. Vincent, A. Rabatel, B. Francou, E. Thibert, J.E. Sicart and T. Condom. 2015.
Annals of Glaciology 56 (70):147-154.
Stovin, V. 2010. The potential of green roofs to manage urban stormwater. Water and Environment Journal 24:192-199.
Sutherland, W.J., S. Broad, J. Caine, M. Clout, L.V. Dicks, H. Doran, A.C. Entwistle, E. Fleischman, D.W. Gibbons, B. Keim, B. LeAnstey, F.A Lickorish, P Markillie, K.A. Monk, D. Mortimer, N. Ockendon, J.W. Pearce-Higgins, L.S. Peck, J. Pretty, J. Rockstrom, M.D. Spalding,
F.H. Tonneijck, B.W. Wintle and K.E. Wright. 2016. A horizon scan of global conservation
issues for 2016. Trends in Ecology and Evolution 31 (1):45-53.
Tellman, B, R.I. McDonald, J.H. Goldstein, A.L. Vogl, M. Florke, D. Shemie, R. Dudley, R.
Dryden, P. Petry, N. Karres, K. Vigerstol, B. Lehner and F. Veiga. 2018. Opportunities for
natural infrastructure to improve urban water security in Latin America. PloS One 13(12):
e0209470.
Tevar, A.D., H.M. Aelion, M.A. Stang and J. Mendlovic. 2016. The need for universal metrics
in the energy-water-food nexus. Journal of Environmental Studies and Sciences 6:225230.
Tockner, K. and J.A. Stanford. 2002. Riverine flood plains: present state and future trends.
Environmental Conservation 29 (3):308-330.
Toro-Velez, A.F., C.A. Madera-Parra, M.R. Pena-Varn, W.Y. Lee, J.C. Bezares-Cruz, W.S.
Walker, H. Cardenas-Henao, S. Quesada-Calderon, H. Garcia-Hernandez and P.N.L. Lens.
2016. BPA and NP removal from municipal wastewater by tropical horizontal subsurface
constructed wetlands. Science of the Total Environment 542:93-101.
Tundisi, J.G., J. Goldemberg, T. Matsumura-Tundisi and A.C.F. Saraiva. 2014. How many
more dams in the Amazon? Energy Policy 75:703-708.
Tundisi, J.G., O. Rocha, T. Matsumura-Tundisi and B. Braga. 1998. Reservoir management
in South America Water Resources Development 14 (2):141-155.

38

United States Environmental Protection Agency (U.S. EPA). 2002. The Clean Water and
Drinking-Water Infrastructure Gap Analysis. Office of Water (4606M). EPA-816-R-02-020
September.
Van der Ploeg, S., Y. Wang, T. Gebre Weldmichael and R.S. DeGrott. 2010. The TEEB valuation database – A searchable database of 1251 estimates of monetary values of ecosystem
services. Wageningen University, the Netherlands (The database can be found on website
of the Ecosystem Service Partnership http://www.fsd.nl/esp/77979/5/0/30).
Verdadem L.M., C. Gheler-Costa, M. Penteado and G. Dotta. 2012. The impacts of sugarcane expansion on wildlife in the State of Sao Paulo, Brazil. Journal of Sustainable Bioenergy Systems 2:138-144.
Verzijl, A. and S. G. Quispe. 2013 The system nobody sees: irrigated wetland management
and alpaca herding in the Peruvian Andes. Mountain Research and Development 33 (3)280293.
Vymazal, J. 2011. Constructed wetlands for wastewater treatment: five decades of experience. Environmental Science and Technology 45:61-69.
Walsh, C.J., A.H. Roy, J.W. Feminella, P.D. Cottingham, P.M. Groffman and R.P. Morgan II.
2005. The urban stream syndrome: current knowledge and the search for a cure. Journal
of the North American Benthological Society 24 (3):706-723.
Ward, J.V. and J.A. Stanford. 1983. The serial discontinuity concept of lotic ecosystems. pp
29-42 IN: T.D. Fontaine and S.M. Bartell (eds.). Dynamics of Lotic Ecosystems. Ann Arbor
Scientific Publishers, Ann Arbor, MI.
Water and Sanitation Program (WSP). 2008. Constructed Wetlands: A Promising Wastewater Treatment System for Small Localities: Experiences from Latin America. World Bank.
Wenger, S.J., A.H. Roy, C.R. Jackson, E.S. Bernhardt, T.L. Carter, S. Filoso, C.A. Gibson,
W.C Hession, S.S. Kaushal, E. Marti, J.L. Meyer, M.A. Palmer, M.J. Paul, A.H. Purcell, A.
Ramirez, A.D. Rosemond, K.A. Schofield, E.A. Sudduth and C.J. Walsh. 2009. Twenty-six
key research questions in urban stream ecology: an assessment of the state of the science. Journal of the North American Benthological Society 28 (4):1080-1098.
Whitney, D., A. Rossman and N. Hayden. 2003. Evaluating an existing subsurface flow constructed wetland in Akumal, Mexico. Ecological Engineering 20:105-111.
Wilk, D. and I. Altafin. 2018. Innovaciones en el Desarrollo e Implementación de Humedales
Construidos para el Tratamiento de Aguas Residuales. Parte II: Análisis de la Implementación de Humedales Construidos para el Tratamiento de Aguas Residuales en Latinoamérica y el Caribe. Inter-American Development Bank.
Yocom, K. 2014. Building watershed narratives: an approach for broadening the scope of
success in urban stream restoration. Landscape Research 39 (6):698-714.

39

Zi, W. and G. Ji. 2012. Constructed wetlands, 1991-2011: A review of research development,
current trends and future directions. Science of the Total Environment 441:19-27.
Zurita, F., M.A. Belmont, J. DeAnda and J.R. White. 2011. Seeking a way to promote the
use of constructed wetlands for domestic wastewater treatment in developing countries.
Water Science and Technology 63(4):654-666.
Zurita, F., J. DeAnda and M.A. Belmont. 2009. Treatment of domestic wastewater and
production of commercial flowers in vertical and horizontal subsurface-flow constructed
wetlands. Ecological Engineering 35. 861-869.
Zurita, F., E.D. Roy and J.R. White. 2012. Municipal wastewater treatment in Mexico: current status and opportunities for employing treatment systems. Environmental Technology
33(10):1151-1158.

40

41

