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Introduction

Climate change and land use change are predicted to be the two main drivers of
global biodiversity alterations (Sala et al. 2000). The effects of climate change on
biodiversity are manifested at different scales, from genes (i.e. generating mut-
ations and simplifying gene pools) to species (i.e. extinctions and range
modifications) and ecosystems (i.e. community composition and distribution
changes). These effects influence ecosystem functions and processes, for instance
changes in the abundance and composition of plant species may influence water
cycle, nutrient and carbon dynamics, trophic interactions and disturbance regimes
(Chapin III et al. 1997; Diaz et al. 2004).
Ecosystem functions are linked to the provision of ecosystem goods and services

when human values are considered (de Groot et al. 2002; MEA 2005). Many
authors have highlighted the value of these ecosystem services for sustainable
development, globally (Costanza et al. 1997) or locally (Lutz et al. 2000;
Woodward and Wui 2001; Pattanayak 2004). Terrestrial ecosystems provide an
array of watershed services, for instance the regulation of hydrological flows,
benefiting agriculture, drinking water users, energy production, or transportation
(Costanza et al. 1997; MEA 2005).
Watershed services are of outmost importance in many developing countries

where water is a crucial development issue, such as Central America (Locatelli et
al. 2010). According to (UNDP 2006), around 20 percent of global population
lives without access to potable water. Nicaragua being the second poorest country
in Latin America provides a good example, where only 49 percent of the rural
population has access to this resource and high water-related mortality is observed
(CONAPAS 2006). Potential conflicts in the future could be expected due to
freshwater use and access, given pressures from population growth and water use
demand (i.e. for irrigation and industry; UNFPA 2006).
The degradation of ecosystems and the associated loss in the provision of

ecosystem services are major threats for human well-being (MEA 2005). Knowing
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about the impacts of climate change on the ecosystems hydrological functions is
necessary to inform policy makers about the risks induced by climate change and
support their decisions about adaptation to future changes (Scholze et al. 2006).
In this chapter we aim at assessing changes in ecosystem hydrological services

under future climate scenarios and impacts on per-capita water availability for main
watersheds of Mesoamerica. We used several climate change scenarios and a
biogeography model to project a range of potential changes in the provision of
ecosystem services while accounting for uncertainty from climate models and future
emission scenarios. These results could be used as the basis to assess the vulnerability
to climate change, at the national and regional scale, of important economic sectors
relying on hydrological services (i.e. agriculture, power generation, drinking water).

Previous studies in Central America

Climate change scenarios

Changes in atmospheric concentration of greenhouse gases since the beginning of
the industrial revolution have modified the natural dynamics of the global climate.
The range of potential future storylines suggests that the trend will continue and
in most scenarios further increase. The development of future climate scenarios
relies, generally, on three components:

• the historical and future emissions of greenhouse gases and aerosols into the
atmosphere (emission storylines);

• (ii) the simulation of climate models accounting for global warming as a result
of changes in radiative forcing (the energy balance between the radiant energy
received by the Earth from the Sun and radiated back to space) associated to
concentration trends of these greenhouse gases and aerosols (radiative effects)
and to land use changes (biophysical effects); and

• the regional climate change resulting from this forcing.

Emission storylines and the future increase in greenhouse gases and changes in
aerosols depend on the evolution of several socio-economic parameters (i.e.
population, land use or technology) as well as climate policy efforts to meet
radiative forcing targets. The IPCC (Intergovernmental Panel on Climate
Change) has developed a range of storylines or “emission scenarios” up to the year
2100 (IPCC 2000), which were used to force climate models (referred as SRES for
Special Report on Emission Scenarios). These storylines framed emissions
scenarios used to simulate future climate in IPCC Fourth Assessment Report
(IPCC 2007) and set the basis for the representative concentration pathways
(RCP) (and resulting radiative forcing) used to simulate climate scenarios with the
latest generation of climate models for its Fifth Assessment Report (IPCC 2013).
The current generation of global climate models (GCMs; or general circulation
models) integrate atmosphere, ocean and terrestrial processes and simulate climate
trends at large scales. The recent 5th IPCC Assessment is based on GCM
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simulations from the fifth phase of the Coupled Model Intercomparison Project
using RCP of greenhouse gases (Rogelj et al. 2012) that include effects of climate
policy scenarios for the twenty-first century on emissions while the previous
assessment used emission scenarios that did not account for future effects of
mitigation and adaptation policies. Differences in climate scenarios between the
4th and 5th IPCC reports indicate, for example, a median global temperature
increase of 2.4°C for 2090–2099 under RCP 4.5 (used in this study) and SRES B1
scenarios (3.4°C and 3.9°C for A1B and A2, respectively). RCP 4.5 median
temperatures also rise faster until 2050 compared to SRES B1 (Rogelj et al. 2012).
Given uncertainties in future emissions of greenhouse gases as well as in climate
modeling efforts, it is important to assess future climate uncertainties when
evaluating potential impacts of climate change. Furthermore, assessments of
climate trends, for example based on weather stations or satellite data, allows for
comparing these in future simulations with historical observations.
Weather station data and satellite observation allow comparing recent observed

trends with the projected changes in future climate. Although, human caused
changes in climate are difficult to detect and attribute from natural climate
variability, trends in key climate variables have been already observed in Central
America. Aguilar et al. (2005), for example, found an increase in temperature and
precipitation intensity based on weather station data in the last half of the 20th
century across the region. Malhi and Wright (2004) found a similar trend in
temperature and an increase in annual mean precipitation in some parts of
northern Central America. The authors also highlight the difficulty in discerning
trends in precipitation across tropical areas due to high inter-annual variability.
A consistent drying signal in Central America’s future climate is found across

the existing range of climate scenarios, showing a general decrease in precipitation
and an increase in temperature (Neelin et al. 2006). At the seasonal scale this
trend could further reduce precipitation and length of the mid-summer drought (a
period of reduced precipitation within the rainy season; Magaña et al. 1999),
particularly in the central part of Central America (Rauscher et al. 2008). The
increased temperature signal under future scenarios is consistent across global
climate models while the change in precipitation shows higher disagreement with
positive and negative anomalies depending on the model (Imbach et al. 2012).
The expected magnitude of change in climate makes the region a climate change
hotspot among tropical areas (Giorgi 2006) where mean temperature will move
outside its historical variability envelope relatively sooner than other land areas
(Hawkins and Sutton 2012; Mora et al. 2013).
The spatial configuration of the region, a topographically complex narrow strip

of land, requires downscaling of global climate models into high resolution
scenarios. But only a small set of downscaled scenarios are available so far.
Karmalkar et al. (2011) developed downscaled scenarios (0.22° or ~25 km) using
the PRECIS (Providing Regional Climates for Impacts Studies) model derived from
HadRM3, the Hadley Centre Regional Climate Model (Jones et al. 2004).
Nakaegawa et al. (2013a) used MRI (Meteorological Research Institute model of
Japan) to develop scenarios at 60 and 180 km, with an ensemble of realizations, as
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well as one simulation at 20 km. Both authors found improvements in simulating
high resolution precipitation (compared to global simulations) with a wet/dry bias
in the dry/wet seasons with PRECIS (MRI results focused on upper atmosphere
dynamics that are out of our scope). Under high emission scenarios (A2; 2070–
2100) Karmalkar et al. (2011) found higher warming during the wet season (relative
to the dry season). Precipitation showed larger reductions during the wet season,
and during the dry season over areas influenced by orographic precipitation (Pacific
watershed). Nakaegawa et al. (2013b) found an increase in maximum 5-day precip-
itation and number of consecutive dry days with consistent changes over the
Yucatán Peninsula and Guatemala (for consecutive dry days only).

Hydrological modeling

The Mapped Atmosphere Plant Soil System (MAPSS) model (a brief description
is provided in the methods section) has been previously calibrated and water
balance and leaf area index (LAI) outputs validated with historical observations
for Mesoamerica (Imbach et al. 2010). The runoff output was validated against
long-term average runoff from a set of catchments (n = 138) that covered the
regional gradient of precipitation, elevation, catchment size and forest land cover.
This model satisfactorily predicted annual runoff (with an under-estimation of
12%) and the prediction of seasonal stream discharge was also well reproduced in
78 percent of the catchments. The absolute runoff at the monthly time scale had
a lower performance, with a satisfactory prediction only over 48 percent of the
catchments, probably due to model lack of capacity to simulate aquifers recharge
and discharge processes across seasons. The LAI output was validated against two
long-term average LAI maps from remote sensing sources. The model under-
represents LAI values in the northern part of the region and over-represents LAI
in the southern part (Costa Rica and Panama) that could lead to potential biases
when modeling water balance. These differences are probably related to, besides
model bias, high-cloud coverage that reduces the LAI algorithm performance from
remote sensing sources. The authors recommended using MAPSS output values
at the annual scale for further applications in Mesoamerica. Based on the same
model setup, Imbach et al. (2012) analyzed uncertainties of discharge and
vegetation distribution, under a range of future climate scenarios (average climate
for 2070–2099) providing the starting point of the analysis presented here.
Hidalgo et al. (2013) used VIC (variable infiltration capacity), a macro-scale

hydrological model, to assess impacts of climate change on Central American
hydrology with special focus on drought prevalence. The model simulates
hydrological variables from the surface (i.e. surface runoff, soil moisture, base flow)
and energy balance near the surface (i.e. to derive evapotranspiration) using daily
climate data. The model has a parameterization for soils, vegetation and snow
distribution (not relevant for our study area), that was calibrated using and
automatic procedure. Contrary to MAPSS the VIC model has a prescribed mosaic
of vegetation, including disturbed land cover types (i.e. agriculture) but can assess
transient changes (MAPSS estimates long-term average conditions).
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Both VIC and MAPSS produced similar results, with water availability being
likely reduced across most of the region (>61% of Mesoamerica; Imbach et al.
2012) and drought frequency increases (Hidalgo et al. 2013). Imbach et al. (2012)
also assessed associated changes in ecosystems and found likely reductions in leaf
area index and increased evapotranspiration (the later in southern Mesoamerica)
coincident with runoff reductions.

Water availability indicators at coarse scales

Several indicators have been developed to assess water availability at coarse scales.
The water scarcity index (WSI) is simply defined as the fraction of total annual
runoff available per capita (i.e. m3 per capita) and helps distinguish climatic from
human causes (i.e. poor infrastructure). The indicator was applied to multiple
countries and used to categorize yearly water availability as: no stress, stress, scarcity
and absolute scarcity (>1700, 1700–1000, 1000–500 and <500 m3 per capita,
respectively; Falkenmark 1989). It is commonly used at country level assessments
and tends to under estimate water scarcity for smaller populations. WSI cannot
capture differences of water requirements due to different lifestyles (linked to the
intensity of use of the resource) or seasonal limitations on the resource (Brown and
Matlock 2011).
Other indexes were developed to account for different human requirements

(drinking, sanitation, bathing and food preparation needs) indicating a minimum
water requirement of 50 liters per person per day (Gleick 1996). The social resource
water stress/scarcity index evaluates the capacity of a society to adapt to changes in
water availability, using indicators such as the Human Development Index as a
weighing factor for adaptive capacity (Ohlsson 2000). The ratio of annual water
withdrawals to water availability (Water Resources Vulnerability Index) has also been
used in countries facing severe water scarcity (withdrawals exceed 40% of the annual
supply; Brown and Matlock 2011). Other indexes account for different uses of
available water—for example, rain-fed agriculture (theWater Poverty Index; Salameh
2000) versus domestic and industrial uses of urban and rural population (Vörösmarty
et al. 2005), which allows for partitioning water between differentiated users and
supply sources. Arnell (2004) presented a country level assessment, at global scale,
combining WSI at the catchment scale to quantify population exposed to water
availability changes (improving or deteriorating) under future climate scenarios.
They only produced aggregated data over the whole Mesoamerican region
(comprising Central America and southernMexico) without distinguishing between
countries, whereas we seek here to produce regionally detailed estimates.

Methods

Study area

Central America comprises seven countries (from south to north, Panama, Costa
Rica, Nicaragua, Honduras, El Salvador, Guatemala and Belize) that bridge South
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and North America. It is a topographically complex strip of land where the Central
American cordillera (reaching over 4000 masl) separates the Caribbean Sea and
the Pacific Ocean by just over 60 km in some places. The region has a tropical
climate with a dry season between December and May, when the rainy season
begins until December with two peak months in June and September (Magaña et
al. 1999). The region has a high inter-annual variability in precipitation leading
to alternating periods of extreme rainfall regimes (Hastenrath and Polzin 2013).
Central America has approximately half (51% in 2008) of its population (42.5

million in 2010) living in poverty and 26 percent in extreme poverty with Costa
Rica and Honduras showing the lowest (19%) and highest (69%) values respec-
tively (CEPAL 2011). Water resources distribution is highly variable across the
region and determined by climate and weather variability, human settlements,
industry, and agricultural development (CEPAL 2011). Water demand is higher
in the Pacific relative to the Caribbean watershed although the later has higher
water availability (CEPAL 2011). The agricultural sector has the largest demand
in Honduras, Guatemala, Costa Rica and El Salvador (between 54% and 83% of
total water extracted) while in Panama and Belize extraction is dominated by the
industrial and municipal sectors (66% and 89% respectively; CEPAL 2011).

The MAPSS hydrology and vegetation model

Hydrological ecosystem services, specifically water balance (i.e. runoff quantity)
were evaluated for different climate change scenarios (under RCP 4.5) using a
model that estimates the equilibrium between water balance and potential
vegetation (Neilson 1995). The MAPSS model used in this study belongs to the
group of soil–vegetation–atmosphere transfer (SVAT) models that are commonly
used to simulate ecosystem functioning (i.e. Krinner et al. 2005) under changing
climate conditions. A mechanism-based approach (such as the one used in
MAPSS) is useful to assess changes in ecosystems types (Yates et al. 2000) and
functions under changing environmental (e.g. climate change) conditions (Sitch
et al. 2008). On the other hand, statistical models (i.e. Holdridge 1947) allow
modeling vegetation based on the observed match between different climates and
vegetation types but cannot account for the effects of new conditions (e.g. new
climates or elevated CO2) that have no current analog, which precisely will prevail
over Central America (Williams et al. 2005). Approaches similar to the one used
here have been used to assess changes vegetation type (Neilson 1995), ecosystems
carbon stocks (Kindermann et al. 1996; Dargaville et al. 2002) and water cycles
(Neilson 1995).
MAPSS simulates the vegetation distribution and structure (LAI) and precip-

itation partitioning (into runoff, soil moisture change and evapotranspiration)
under a given climate (Neilson 1995). Potential vegetation cover in equilibrium
with climate is modeled with a maximum LAI that can be supported based on soil
texture, depth and climate input data (precipitation, temperature, wind speed and
vapor pressure). Trees, shrubs and grasses compete for humidity and radiation and
equilibrium conditions evaluated (for example, as the tree canopy closes grasses
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disappear). It has been successfully used at high resolution for continental areas (a
full model description is given by Neilson 1995).
MAPSS works at monthly time steps and calculates a leaf area index for each

life form (trees, shrubs and grasses) and stomatal conductance to upscale transpi-
ration of the ecosystem canopy and soil water dynamics (Neilson 1995).
Precipitation is intercepted depending on total monthly precipitation and
vegetation coverage (LAI). Through fall precipitation (reaching the soil layer) is
divided into surface runoff or soil infiltration (depending if the soil is saturated or
unsaturated). There are three soil layers where these processes occur, with grasses
being able to transpire water from the top layer while trees and shrubs also from
the intermediate layer. The third, and deep layer is used for base-flow that later
becomes runoff. Potential evapotranspiration (PET) increases with LAI. While
stomatal conductance decreases as soils get drier and as the atmospheric demand
for water increases (PET). PET is based on an aerodynamic turbulent transfer
model calibrated by Neilson (1995). The effect of elevated CO2 can be evaluated
by modifying water use efficiency of the vegetation (see Imbach et al. 2012 for an
example in Mesoamerica).
The model is run in loops until the annual water balance of trees and shrubs and

the monthly water balance for grasses reach equilibrium conditions, defined by
the fractional coverage of each type of vegetation that maximizes transpiration
on each grid point depleting most of the available water.
The advantage of MAPSS is that it accounts for feedbacks between changes in

vegetation type and LAI on the soil water balance, which can produce non-linear
equilibrium states, that could explain runoff changes under changing climate
conditions in Mesoamerica (Imbach et al. 2012). The limitations of MAPSS are
twofold. First, MAPSS does not account for aquifers water storage (∅s), assuming
that this term is negligible at the annual scale. Second, MAPSS does not calculate
explicitly the horizontal water flow within a catchment, as influenced by soil,
climate and topography (i.e. Gómez-Delgado et al. 2011), but the limited data
availability for our regional-scale assessment would make the use of such an
explicit hydrology model impractical. Further, neglecting routing processes
remains a good approximation in Central America, given the relatively small size
of catchments in this region, and the monthly time steps used.
We also acknowledge that one limitation of our approach that we consider

potential vegetation only, over a study area which has significant areas with
pastures and agriculture (DeClerck et al. 2010). At the annual scale over this
region, however, Imbach et al. (2010) found no model bias related to the cultivated
fraction of each catchment, suggesting that current land use has no dramatic effect
on simulated water availability for long term averages at the regional scale.

Climate change scenarios

We constructed regional climate change scenarios, using the reference climate
data from the WorldClim 1.4 database (www.worldclim.org; Hijmans et al. 2005)
at 30 seconds spatial resolution (~1 km2), that provides monthly average precip-
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itation, maximum and minimum temperature for the 1950-2000 period. Future
climate scenarios are from CMIP5 for RCP 4.5 that accounts for an intermediate
global radiative forcing (or emission scenarios). We used future scenarios from 19
GCMs from CMIP5.1 Downscaled climatologies for each GCM was obtained as
monthly 20-year averages for 2050 (2041–2060) and 2070 (2061–2080). The
downscaling method is a simple approach known as the “delta method” where
coarse resolution climate anomalies (GCM modeled difference between future
and reference climate conditions) are added to the high resolution climatology
(WorldClim 1.4 in our case).

Runoff and water availability

We estimated historical runoff based on the results from the above-mentioned
MAPSS model calibrated by Imbach et al. (2010), as explained above, as well as
future changes in water balance under average climate conditions in 2050 (2041–
2060 average) and 2070 (2061–2080 average) under the studied scenario (RCP
4.5). Previous work from Imbach et al. (2012), using the same model setup, chose
longer term climate scenarios (2070–2099) from a previous GCM dataset
(CMIP3) and three scenarios (A2, A1B and B1).
We selected a runoff change threshold of 20 percent in order to assess the

likelihood of impacts across the range of climate scenarios (Imbach et al. 2012).
The likelihood of change was estimated as the fraction of the 19 GCM+MAPSS
model runs showing runoff change above 20 percent (Mastrandrea et al. 2010). A
change was considered as likely when runoff increased or decreased of at least 20
percent in more than 66 percent of the model runs. This procedure allowed
showing both the magnitude of changes in runoff and the uncertainty from climate
change scenarios.
We also calculated water availability at the catchment scale (300 catchments

in total) using the WSI indicator (see the introduction to this chapter) with the
catchment database from (Lehner et al. 2008; available from hydrosheds.cr.usgs.
gov). This index was selected since the data for its estimation was available at the
catchment scale covering the region of study. The WSI was calculated by aggre-
gating total annual runoff for each catchment and its total population count from
GRUMPv1 (Global Rural Urban Mapping Project; CIESIN et al. 2011). Mean
runoff under future climate conditions was estimated as the median value from
model runs using all the GCMs. We also excluded catchments smaller than 100
km2 because these small watersheds often import water from neighboring larger
catchments.

Results

Climate scenarios

Mean temperature anomalies for RCP 4.5 (average of the 19 GCMs) range
between 2.2–1.4°C and 2.6–1.8°C for 2050 and 2070 respectively (1.8°C and
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2.2°C mean values for the region shown in Figure 3.1a), with larger anomalies in
northwest part of the region relative to the southern part of the study area.
Mean precipitation anomalies for 2050 for RCP 4.5 (average of 19 GCMs)

show increased or decreased precipitation depending on the location considered
in the Mesoamerican region. Most of the northern region (from Guatemala to
Nicaragua) presents an average decrease of precipitation up to 10% yr–1 while the
southern countries (Costa Rica and Panama) show increased precipitation in
similar magnitudes (Figure 3.1b). A precipitation increase occurs in the CMIP5
models over all four trimesters of the year in the southern part. In the northern
part, mean annual precipitation decrease is explained by large decreases between
June - August during the wet season, whereas small rainfall increases are observed
during other months. A comparison of temperature and precipitation anomalies
with previous studies based on AR4 scenarios and CMIP3 models (i.e. Imbach et
al. 2012) is out of the scope of this study, given different radiative forcing trajec-
tories between SRES (AR4) and RCP (AR5) scenarios, different number of GCM
realizations and, different model versions. Mean annual anomalies of precipitation
over the northern part of the region show relatively higher inter-model agreement
relative to southern countries. We found likely negative precipitation anomalies for
most of Guatemala, Honduras, Nicaragua (northern part) and El Salvador, and
likely positive precipitation anomalies over Panama. Nicaragua and Costa Rica
show negative and positive mean anomalies respectively, although with higher
model disagreement on the anomaly sign (Figure 3.1b).

Population density and water balance

The least populated areas are usually located towards the Caribbean coast,
including northern Guatemala, Belize, eastern Honduras and Nicaragua and
eastern Panama. Belize and El Salvador are the least and most densely populated
countries respectively (Figure 3.2). Areas with high population density are on
the Pacific side, western Honduras and central areas of Costa Rica. Costa Rica
and Panama have a relatively higher mean annual runoff (>1000 mm) across
most of their territory (see Imbach et al. 2010) including areas with high
population density. Contrastingly, Guatemala and Honduras have a large
fraction of their most populated areas with lower water availability (mean annual
runoff <500mm).
We found that runoff is likely to decrease in 81 percent of Central American

countries in 2050 (89% in 2070), following a general drying trend over the region
(Figure 3.3). Runoff is likely to decrease by at least 20 percent in over 50 percent
of the region in 2050 (71% in 2070) and likely to increase over only 2 percent of
the area. Country percentages show that El Salvador has the largest area exposed
to likely runoff reductions (of at least 20%) followed by Belize, Costa Rica,
Guatemala, Nicaragua, and Honduras (Table 3.1). Honduras has 33 percent of its
area exposed to likely runoff reductions. As expected, the areas of likely runoff
reductions (>20%) are larger in 2070 than in 2050, particularly for Honduras and
Nicaragua (Table 3.1).
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Figure 3.1 (a) Mean temperature and (b) precipitation anomaly (19 GCMs). Dashed
areas show likely (>66%) model agreement on the anomaly sign.

(a)

(b)
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Water availability under reference climate conditions (1950–2000) show scarce
conditions over Honduras in Aguán, Cangrejal, Choluteca and Chamelecón
(absolute scarcity) river basins. Guatemala (María Linda) and El Salvador (between
Jiboa and Chilama river basins) show stressed basins. Nicaragua (between
Tamarindo and Brito river basins) and Panamá (between San Juan Díaz and Pacora
river basins) have both scarce and stressed basins near capital cities. Guatemala
also shows limited resources within the Mopán and Hondo river basins (Figure
3.4a). Basins with limited resources hold 5.5 million people (around 15% of the
total population, including inhabitants in Mexico who share basins with
Guatemala). Around 1 million people live in absolute scarcity conditions in the
Chamelecón (Honduras) and Mopán-Hondo (Guatemala) river basins, although
the later holds a lake that could improve resource availability (not accounted for
in this study).
Current scarce resource availability remains unchanged under mid-twenty-first-

century climate in Choluteca, parts of the Tamarindo–Brito and Juan Díaz–Pacora
basins (in Nicaragua and Panama respectively). The Chamalecón basin persists
under absolute scarcity and the Aguán and Cangrejal basins join this category in the
future (Figure 3.4b). The Ulúa, Lempa, Banderas, Grande de Sonsonate, Paz and
Atitlan river basins move from the no stress to the stressed category encompassing

Impacts on the hydrological services of Central America 75

Figure 3.2 Population density (population count per 1 km2 pixel).
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Figure 3.3 Change in annual runoff (%) for the (a) maximum, (e) minimum, and (d) 25th,
(c) 50th, and (b) 75th percentile values of the projected climate conditions in
2050 for the downscaled CMIP5 ensemble of 19 GCMmodels (all for the RCP
4.5 scenario), compared with (f) the reference period (1950–2000) (mm).
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Figure 3.4 Water availability under (a) current and projected (b) 2050 and (c) 2070
climate conditions assuming the same population density as in year 2000. Water
availability is measured in m3/per capita where absolute scarcity, scarcity, stress
and no stress thresholds are <500, 500–1000, 1000–1700 and >1700, respect-
ively. Stars denote the location of capital cities.

(a)

(c)

(b)
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a large area with limited resource availability between Honduras, El Salvador and
Guatemala. TheMotagua basin also modeled to be under scarce condition by 2050.
The Tárcoles basin in Costa Rica moves to the stressed category (from no stress)
while basins with capital cities see their water availability worsened (Figure 3.4b).
For the 2070 period, the same pattern prevails but gets amplified (poor-get-

poorer behavior) with a further decrease in water availability, except for the San
Miguel and Papaloteca river basins that become stressed only in 2070 (Figure 3.4c).
Under future climate conditions (2050 and 2070), we found an increase in the
number of people living with limited water resources, with all areas falling into the
stressed categories. A fraction of 36 percent of the population currently living
today without stress will fall into the limited resource availability category (10.9
million), and in fact mostly into the stressed category (with an increase of 6.9
million people in this category). Under 2070 climate conditions, the number of
people with limited resources remains almost constant compared to 2050 (17.2
million) but the number living in absolute scarcity conditions is projected to
increase by 4.8 million (from 2050 to 2070; Table 3.2).

Discussion

Our water balance modeling framework estimates changes of equilibrium
conditions with historical and future climates, accounting for feedbacks between
hydrological and vegetation dynamics that can result into complex and non-linear
responses. But population density and land use are assumed to be constant in the
future. Other hydrological modeling approaches evaluate effects of climate
variability (i.e. seasonal and inter-annual) on water balance (Hidalgo et al. 2013)
but usually use prescribed vegetation parameters and thus cannot account for the
feedbacks of vegetation changes on runoff.
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Table 3.1 Percentage area of Central American countries with likely runoff change (at
least 20% decrease or increase) under 2050 and 2070 climate conditions (RCP
4.5) simulated by 19 GCMs of the CMIP5 ensemble.

Country 2050 2070

Increase Decrease Increase Decrease
(>20%) (>20%) (>20%) (>20%)

Panama 0 43 0 55

Costa Rica 0 58 0 70

Nicaragua 0 50 0 82

Honduras 6 33 4 55

El Salvador 0 87 0 93

Guatemala 1 54 0 72

Belize 0 65 0 81
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Although Imbach et al. (2012) performed a previous probabilistic water balance
assessment for the region from the SRES climate scenarios of AR4 GCMs
(CMIP3), we present here newer GCM simulations and shorter time-horizon
scenarios (2050/2070) from AR5, and estimate water availability per capita for
each GCM climate. The CMIP5 + MAPSS scenarios showed here show a similar
uncertainty range of runoff change than the CMIP3 +MAPSS ones from Imbach
et al. (2012), indicating a general decrease in river discharge across both previous
and current generation of climate models and global warming scenarios. We found
70 percent of the total area with likely decreases in 2070, similar to the results for
year 2085 using CMIP3 models. Although, radiative forcing under RCP 4.5 in
2070 (3.84 W.m–2) is relatively similar to SRES B1 in 2080 (4.09 W.m–2), the
smaller ensemble used in this study could have an effect on uncertainty estimates.
Although, the ensemble used in Imbach et al. (2012) was larger because it included
different scenarios with the same GCMs (assuming equal weights for each one of
them) their pattern is similar to those used in this study, with increased
temperature and decreased precipitation for the northern part of the region and
increased temperature and mixed signals (between) models for precipitation
anomalies. As expected, shorter time horizons have smaller impacts, with half of
the region with likely runoff reductions (>20%) under 2050 climate conditions
(compared to 70% in 2070).
The approach presented here to estimate water availability has limitations that

should be kept in mind for the interpretation of our results. First, our analysis is
based on mean climate conditions and does not account for seasonal or inter-
annual variability that could be important, particularly over dry areas where stress
becomes important in dry years and/or with increased runoff variability (i.e. the
Pacific watershed of Central America). This means, for example, that catchments
found to be under current stress conditions can have sufficient runoff over specific
years or within wet seasons. Other studies, at coarser scales, have accounted for
inter-annual variability to estimate a significant change in runoff (where change
in runoff is assumed significant only if larger than one standard deviation of inter-
annual variability of a 30-year reference period; Arnell 2004). Second, this analysis
uses the intermediate RCP pathway RCP4.5 and therefore does not explore
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Table 3.2 Water availability for human use in Central America under current and future
(2050 and 2070) climate conditions (people in millions/percentage). Water
availability is defined in m3/per capita where absolute scarcity, scarcity, stress
and no stress thresholds are <500, 500–1000, 1000–1700 and >1700 m3/per
capita, respectively.

Threshold Current 2050 2070

No stress 30.6 / 85 19.7 / 55 18.8 / 52

Stress 2.3 / 6 9.2 / 26 3.0 / 8

Scarcity 2.2 / 6 5.4 / 15 7.8 / 21

Absolute scarcity 1.0 / 3 1.6 / 5 6.4 / 18
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potentially higher/lower climate forcing scenarios. Third, we estimate changes in
water availability assuming no changes in population or water resource demands
(for example, for irrigation under drier future conditions). However, increase in
water demand (accounting for population increase) has been estimated at 296–364
percent by 2050 depending on the climate scenario (CEPAL 2011). Fourth, the
model estimates water balance with potential vegetation and therefore assumes
no changes in land use, which could have an effect at other temporal or spatial
scales. Finally, and more importantly, we assumed no water transfer between
catchments that could lead to a potential redistribution of resource availability, an
issue that can be of relevance particularly in basins with large population centers
that may develop infrastructure to access resources from other catchments or dam
existing catchments to save water (e.g. for the dry season). This could be the case,
for example, of all stressed catchments under current climate conditions on the
Pacific watersheds containing capital cities that could have resources to transport
water from nearby catchments.
The Chamelecón basin (Figure 3.4a–c, in Honduras) is the most water limited

one under current conditions with availability close to the upper threshold of
absolute scarcity (479 m3 per capita), yet keeping in mind a runoff model underes-
timation of 13 percent. Aguán, Cangrejal and Choluteca also show water scarcity
under current conditions and the former two moving to absolute scarcity under
future conditions in this study. CEDEX and SERNA (2002) estimated a
hydrological balance of Honduras, based on water resources and sectorial demand
estimates, and also found Chamelecón and Cangrejal basins among those with
the smaller water surplus (while assuming no problems with access to the resource).
They also found the Chamelecón River basin as the only case in Honduras with
water deficit at the sub-basin scale (lower parts of the basin). The Hondo basin,
in Guatemala, has a treaty dealing with international border issues and equitable
use of the resources dating from 1961, indicating potential issues with resource
availability (UNEP et al. 2007). CEPAL (2011) found El Salvador with stress con-
ditions under current climate using a long term average model for water
availability and differentiating water use by different sectors (i.e. human
consumptions, agriculture and industrial). Changes in future sectors demand were
also assessed by the CEPAL study, and are assumed constant as in our case,
although their study assessed changes that did not account for within-country dis-
parities in resource availability (only the total country-level resource availability)
as well as resources available from trans-boundary basins.
We found a general trend of increased water scarcity in the northern part of

Central America, mostly over Guatemala, Honduras and El Salvador, under future
scenarios (under RCP 4.5). Although the region uses around 8 percent of available
water resources currently, country rates of use are variable. For example Costa Rica
and Nicaragua use 20 percent and 1 percent of their total available resources
respectively today (GWP et al. 2011), meaning that reduction trends will have
variable impacts. Furthermore, several basins are shared with neighboring
countries (international basins cover 37% of the region, or 191,449 km2), and
these watersheds cover between 75 and 5 percent of country territories (for
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Guatemala and Panama respectively showing the largest and smallest percentages;
GWP et al. 2011). Internationally shared basins have been the source of conflicts
in the past (i.e. Lempa river basin linked to siltation problems; Wolf 2007), where
decreasing resource availability could become an important factor.

Box 3.1 From emission scenarios to representative concentration
pathways

The assessment presented on the fourth IPCC report (AR4; IPCC 2007)
was based on simulations from global climate models from the Coupled
Model Intercomparison Project 3 (CMIP3) forced by green-house gases
(GHG) emissions scenarios from the Special Report on Emission Scenarios
(SRES; IPCC 2000). SRES emission scenarios were derived from integrated
assessment models (models that explore the physical, biological, economic
and social components for impact and policy response assessments) of
specific future storylines of demographic and economic development,
energy use, technology and land use (IPCC 2000). IPCC fifth assessment
report (AR5; IPCC 2013) uses global climate simulations from the Coupled
Model Intercomparison Project 5 (CMIP5) forced by representative
concentration pathways (RCP). The RCPs are scenarios depicting possible
future trajectories of future emissions and concentration of greenhouse
gases, air pollutants and land use change covering the range of future
radiative forcing (a measure of the global net radiation imbalance at the top
of the atmosphere, and measured inW.m–2, that is directly related to global
mean temperature) found in the literature but that are not based on specific
socio-economic storylines (Cubasch et al. 2013). RCPs can be explored by
the community developing integrated assessment models in order to
develop socio-economic and policy storylines while, in parallel, climate
modelers develop future climate scenarios (Vuuren et al. 2011). The
comparison of RCP and SRES based scenarios is rendered complex due to
the different emissions scenarios and climate models used for each
assessment report. Rogelj et al. (2012) however provide a comparison
between both (AR4 and 5) climate scenarios based on a common analysis
framework of equilibrium climate sensitivities. They found that the range
of changes in future mean global temperature is larger for RCPs (likely
changes of 1.3–5.7°C for 2090–2099) than SRES (2.0–5.8°C) and differ-
ences between specific scenarios. For example, RCP 4.5 global median
temperatures (likely changes of 2.0–2.9°C for 2090–2099) have a faster
increase until 2050 and slower afterwards when compared to SRES B1
scenario (2.0–3.1°C). RCP 8.5 global median temperatures (likely changes
of 3.8–5.7°C for 2090–2099) have a slower increase for the period 2035-
2080 and faster in any other period when compared to A1FI (3.9–5.8°C;
Rogelj et al. 2012). RCP 2.6 has a lower radiative forcing than any SRES
scenario (Cubasch et al. 2013).
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UNEP et al. (2007) assessed water availability in 2025 for international basins
in Central America, where only the Choluteca basin appears stressed and the Ulúa,
Lempa, Grande de Sonsonate, Paz, and Motagua (with limited resources in our
results for 2050) appear just over the 1700 m3 per capita stress threshold (using
CGCM1GSa1 and HadCM2GSa1) under 1 percent per year increase in CO2
equivalent and sulfate aerosol dampening; Vörösmarty 2000). It is worth noting
that this study used a coarser-scale hydrological model (0.5°~50 km; Fekete et al.
1999) that might miss some of the runoff variability. Although our study shows
stress for the Atitlan and Mopán–Hondo basins, these hold large reservoirs that
could allow for resource storage not accounted for in our study. Some basins move
out the no stress category only under 2070 climate (San Miguel and Papaloteca).
Wolf (2007) estimates that although no Central American country has limited

resources (based on mean national estimates), except for El Salvador, the isthmus
has drinking water shortages due to accessibility issues. This study also highlights
the fact that several capital cities (for El Salvador, Nicaragua, Honduras, and
Belize) lay on international basins, where we found reduced future availability due
to climate change. Furthermore, San Salvador (Lempa river basin) being currently
the capital with most concerns by poor management and limited water resources
availability.
Three quarters of the population living on the Pacific side rely mostly on aquifer

resources CEPAL (2011) and several capital cities rely to significant extents on
aquifer water resources. For example, Negro, Chixoy, La Vaca (a tributary of the
Motagua river) in Guatemala; Choluteca in Honduras (5% of urban demand from
underground sources); Lempa in El Salvador (37%, who are also used to generate
41% of the country energy supply; Wolf 2007). These areas could have delays in
water availability problems depending on water use and storage rates since large
amounts of the resources could take longer times to be depleted (as compared to
surface resources).
The Lempa River basin (among several other basins), in El Salvador and

Honduras, has also suffered agricultural loses during the 2000–2001 droughts, also
highlighting the role of climate variability in determining the impacts of water
availability.
Arnell (2004) estimated in their global coarse-scale study that 16 percent of

Mesoamerican population lived under water stress (defined as less than 1000 m3

per capita) in 1995, although their study area includes Central America and
southern Mexico (the latter is excluded in our study). They also found a large
number of people exposed to increased water stress depending on emission scenario
and climate model (4–108 million) for Mesoamerica in 2025. Our results are on
the lower part of his range, even when accounting for all people under stress (17.4
million under 2070 climate). Comparison of the two results findings is uncertain
because Arnell (2004) used a range from specific GCM simulations and emission
scenarios, while our approach is based on mean values of runoff (and for a smaller
area or at higher resolution). This approach allows for reduced uncertainty in our
estimates given the relatively clear signal of change in runoff for our study region.
Some models (in Arnell’s 2004 study) also show population that will experience
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a decrease in water stress (between 0 and 82 million people), contrary to our
results, although the differences could be areas within Mesoamerica that are
outside of our study area.
Finally, it is important to note that our hydrological modeling approach is based

on equilibrium conditions with climate and therefore does not account for
transient changes meaning that we have no indication on when the evaluated
impacts could happen since ecosystems and water dynamics could happen at a
different pace than climate change, for example, changes in leaf area index could
occur faster than changes in tree fraction cover (Jones et al. 2009).

Box 3.2 Policy implications

Given the threats of climate change to water resources and hydrological
ecosystem services in Central America, adaptation is needed for all socioe-
conomic sectors depending on water and watershed services. For example,
hydroelectricity is a major source of energy in this region, it is vulnerable
to climate change and depends largely on ecosystem services for soil erosion
reduction and water flow regulation (Locatelli et al. 2010). Flooding and
drought are regularly affecting communities and economic activities
(Simms and Reid 2006; Wunder and Wertz-Kanounnikoff 2009). Adapt-
ation policies are emerging in all Central American countries but their
design is made difficult by uncertainties about climate change trends and
a cascade of unknowns about biophysical impacts and socioeconomic
consequences. This impact assessment study provides scientific inputs from
a biophysical perspective for adaptation options and the next step is to
understand the socioeconomic implications and the policy context at
regional, national and local levels. Because uncertainties inherent to
impact assessments may be difficult to handle by policymakers (Burton et
al. 2002), long-term and regional impact assessments must be comple-
mented with vulnerability assessments aiming at understanding how and
why people and water-dependent economic sectors are vulnerable to
climate variations at the local level now and in the future.
Historically, water management policy decisions do not account for

climatic change because climate was assumed to be unchanging. Decisions
with short-term implications can reasonably ignore climate change and its
uncertainties but this is not the case of water management plans, which
require infrastructure, land use or socio-economic development in the long
term. The approach used in our study helps acknowledging uncertainties,
which is an important step in adaptation policy development (Dessai and
Wilby 2011). Recognizing uncertainties about future climate change
impacts calls for diversified and flexible approaches to adaptation.
Depending on the local context, these approaches must combine different
measures selected from an adaptation toolbox (i.e. a list of possible
measures; Locatelli et al. 2008). Adaptation measures in the water sector
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can involve the demand side (e.g. improving water use efficiency for
reducing consumption), the transformation side (e.g. improving treatment
and transportation infrastructure) and the supply side (e.g. managing
watersheds). The selection of adaptation measures depends on their cost or
feasibility but also on the outcomes that the society considers of interest,
recognizing trade-offs between them. For example, landscape management
in Central America can contribute to protect watershed services, bio-
diversity and other services (such as carbon or scenic beauty) at the same
time, but trade-offs can occur (Locatelli et al. 2013). Flexible approaches
also require monitoring outcomes and learning from experience in order
to achieve an adaptive management.
Because of the complex relationships between climate, ecosystems and

water and the role of ecosystems in regulating water quality and quantity,
adaptation plans in the water sector cannot be limited to brick and mortar
solutions. Central America has a long experience of watershed management
and payment for environmental services (PES), particularly in relation with
water (Kaimowitz 2005; Kosoy et al. 2007). Recent studies and reviews have
highlighted that ecosystem management can contribute to the adaptation
of the society to climate change (the so-called ecosystem-based adaptation;
Pramova et al. 2012) and that instruments such as PES can be tailored to
become adaptation instruments (Wertz-Kanounnikoff et al. 2011). But to
conserve ecosystem services that are important to help society to adapt to
climate change, adaptation measures must also be designed for those
ecosystems, for example through reducing human pressures, conserving
biodiversity hotspots and improving landscape connectivity between pro-
tected areas (Guariguata et al. 2008). For these reasons, the Mesoamerican
Biological Corridor has an important role to play in ecosystem adaptation
and, thus, societal adaptation (Imbach et al. 2013).
The following is an example of interesting initiatives that are emerging in

Central America on climate change adaptation. In September 2010, the
Adaptation Fund of the United Nations Framework Convention onClimate
Change accepted its first two projects. One of these, in Honduras, aims at
improving water management and water security for the poor in capital
region of Tegucigalpa (Locatelli et al. 2011). In addition to measures on the
water demand and infrastructure sides, this project highlights the role of
forests, for example how cloud forests capture mist from the atmosphere and
how deforestation affects water supply. The project developers recognize that
ecosystemmanagement (including the creation of protected areas) is crucial
for Tegucigalpa water supply and that there are currently no mechanisms to
conserve hydrological ecosystem services (Adaptation Fund 2010). In
addition to considering ecosystems for societal adaptation, the project also
plans to implement adaptation for ecosystems: biological corridors will be
conserved and restored to increase connectivity and facilitate ecological
adaptation. This example shows how adaptation for people, water, and
ecosystems can be integrated in a cross-sectorial approach.
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Conclusions

We evaluated the impacts of climate change on water balance and per capita water
availability in Central America watersheds using recent GCM results from IPCC
AR5.We used a soil–vegetation–atmosphere transfer model, previously calibrated
for our study area, to estimate mean runoff at 1 km2 resolution under historical
(1950–2000) and future (2040–2060 and 2060–2080) climate conditions for the
intermediate global warming scenario RCP 4.5. We estimated per capita water
availability based on population count per watershed and an index of water stress
to assess changes in future resource availability. We found a general decreasing
trend in water availability per capita, with resource availability limitations mostly
in the northern part of Central America as well as in basins with high population
density (i.e. capital cities). Our study updated previous water balance scenarios
developed for the region- and watershed-scale indicators of potential stress in
resource availability due to climate change.
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1 ACCESS1-0, BCC-CSM1-1, CCSM4, CESM1-CAM5-1-FV2, CNRM-CM5, GFDL-
CM3, GFDL-ESM2G, GISS-E2-R, HadGEM2-AO, HadGEM2-CC, HadGEM2-ES,
INMCM4, IPSL-CM5A-LR, MIROC-ESM-CHEM, MIROC-ESM, MIROC5, MPI-
ESM-LR, MRI-CGCM3, and NorESM1-M.
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