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Haitian watersheds suffer from a lack of environmental management and the absence of conservation practices,
which impairs natural resources and agricultural productivity. This is aggravated by harvesting trees to
compensate for reduced crop production and income. Deforestation can further deteriorate the natural and

Irrigation agricultural systems by increasing the temporal variability of water availability, often realized in the forms of
Land use changes . . . .

SWAT floods and droughts. The goal of this study was to determine the effects of both deforestation and afforestation on
DSSAT water resources and agricultural productivity. We selected the Courjolle River watershed and its downstream

irrigation districts because they represent the linkage between the upstream forest and downstream agricultural
areas. Watershed hydrology and dry bean growth were simulated with the Soil and Water Assessment Tool
(SWAT) model and the CSM-CROPGRO-Dry bean model of the Decision Support System for Agrotechnology
Transfer (DSSAT). The parameters for both models were calibrated to streamflow and dry bean growth mea-
surements that were made in the study areas. Deforestation and afforestation scenarios were developed based on
an understanding of the local landscape. The modeling experiment showed that deforestation could decrease
water availability and stability, causing a decrease in dry bean production, while afforestation had the opposite
effect. An increase of the afforested areas from 25% to 100% of the watershed increased the streamflow by 2-7%,
compared to the current land cover, during dry periods. On the other hand, an increase in deforested areas
decreased the amount of available water for downstream agricultural areas by 6-24%. Potential changes in the
water availability due to the land cover changes then affected the yield of dry bean grown in the downstream
irrigation areas, from —42-24% under the deforestation and afforestation scenarios. The study demonstrated
how improved hydrologic stability due to an increase in tree cover could promote agricultural production. It also
showed that afforestation could be an effective way to manage both the natural and agricultural resources in
Haiti, improving the environmental sustainability of the watershed and the economic sustainability of local
smallholder farmers.

1. Introduction

In Haiti, forests first started being cleared during the colonial period
from 1697 to 1804 to grow cash crops such as coffee and sugar cane, and
deforestation has continued to the present day (Runge and White, 1994;
Tarter et al., 2017; Hedges et al., 2018). The demand for fuelwood and
charcoal also has contributed substantially to forest degradation in
addition to crop production (Ghilardi et al., 2018). Deforestation and
urbanization are known to increase peak flows and flood risk during the
rainy season and decrease baseflow during the dry season (Sahin and
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Hall, 1996; Bruijnzeel, 2004; Marhaento et al., 2017). Although defor-
estation is believed to affect Haitian water resources and agriculture
negatively, the impacts have not been quantified in order to guide nat-
ural resources management planning and practices (Wampler et al.,
2019).

Land management plays an essential role in the protection of soil and
water resources and, thus, helps to improve sustainability (Nikolaidis
et al., 2013; Abdelwahab et al., 2014, 2018; Bisantino et al., 2015).
Many considerations are made when developing natural resource con-
servation plans, such as socio-economic, human-institutional, and
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Fig. 1. Location of the study area that includes the Courjolle River Watershed (

CRW) and dry bean irrigation area (a), the (upstream) Courjolle River watershed (b),

the savanna landscape of the study area (c), the canal in the (downstream) irrigation district (d), and the typical landscape (forest-savanna-agriculture/urban) of

coastal areas in Haiti (from an airplane) (e).

biophysical inter-relationships among soil, water, and land use and the
connection between upland and downstream areas. However, until now,
this has not been the focus for watershed management in Haiti (Ffolliott
et al., 2002). It has been reported that approximately 30% of the land in
Haiti has been irreversibly degraded (Gardi et al., 2014). It is, therefore,
critical to develop and implement effective management plans and
practices to end land degradation and restore hydrological conditions
and processes for improved sustainability of Haitian agriculture and
natural resources.

Streamflow as the main source of water for agricultural irrigation is
controlled by the landscape, including land cover, topography, and soil,
as well as rainfall and its spatio-temporal variability (CNSA/MARND,
2013; Molnar et al., 2015; Fews Net and USAID, 2018). Studies have
shown how the streamflow responds to changes in land use and climate
(Neupane et al., 2015; Belmar et al.,, 2016; Anaba et al., 2017; Mar-
haento et al., 2017). Extensive human-induced land use changes are a
major global environmental issue, affecting hydrologic processes such as
rainfall interception, evapotranspiration, and surface soil hydraulic
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Fig. 2. Long-term average monthly total rainfall (CHIRPS; 1981 — 2017), and solar radiation, and temperature (NASA-POWER; 1984 — 2018) data for Arcahaie, Haiti.

The error bars represent the variability.

conductivity and, thus, water availability and the overall water balance
(He et al., 2008; Germer et al., 2009; Scheffler et al., 2011;
Munoz-Villers and McDonnell, 2013; Yan et al., 2013; Nepal et al.,
2014). The impact of land use changes on streamflow can be significant,
especially for tropical areas such as Haiti that have greater energy inputs
and a faster rate of natural processes (Wohl et al., 2012).

Mathematical models are commonly used as a tool to examine the
effect of land use and management practices on water resources (Naef
et al., 2002; Thanapakpawin et al., 2007; Huisman et al., 2009). There
are many hydrologic models available to represent the hydrological
processes of a watershed, and the Soil and Water Assessment Tool
(SWAT) is one of the models that has been used widely, especially in
developing countries, presumably due to its relatively simple simulation
concept and mechanism, its comprehensive supporting documents,
various pre- and post-processing tools, and continuous model mainte-
nance and updates (Arnold et al., 1998, 2012; Gassman et al., 2007; Her,
and Heatwole, 2016; Her et al., 2017). The SWAT model divides a
watershed by its subbasins, land use and cover, soils, and slopes, which
allows for a proper representation of the spatial variation of the land-
scape components and section for hydrologic modeling. The model has
been used extensively to assess the effects of land use and management
changes on watershed responses, including streamflow (Van Liew et al.,
2007; Schilling et al., 2008; Neupane et al., 2015; Giri et al., 2016; Her
et al., 2016).

Crop models can help investigate the responses of crops to man-
agement practices and changes in the environment. The Decision Sup-
port System for Agrotechnology Transfer (DSSAT) crop models
(Hoogenboom et al., 2019a, 2019b; Jones et al., 2003) have been used
extensively in the crop modeling community to address various ques-
tions related to yield response to management practices including irri-
gation (Ben Nouna et al., 2000; Heinemann et al., 2000; Hundal and
Prabhjyot-Kaur, 1997; MacRobert and Savage, 1998; Steele et al., 2000).
Nicolas et al. (2020) applied the DSSAT tool to assess the impact of
climate change on rice production in the Artibonite Valley of Haiti and
found that the average annual rice yield might decrease in the future.
Malik et al. (2020) coupled two models, DSSAT and SWAT, to assess the
efficacy of best management practices related to nitrogen application
and irrigation optimization. Malik et al. (2019) also used DSSAT to find
the optimal management practices that can minimize the application
rates of irrigation water and fertilizers without significant reduction in
yield. Mompremier et al. (2021) found that shifting crop (dry bean)
growing season earlier can better secure irrigation water and improve
agricultural productivity using DSSAT and hydrological monitoring.

Other studies applied the DSSAT to evaluate the effects of irrigation
levels on soil moisture availability for maize (Dokoohaki et al., 2017), to
investigate the response of maize and soybean crops to water-limited
conditions by applying water available at specific crop growth stages
(Lopez et al., 2017) to optimize nitrogen application at field level (Jeong
etal., 2014)) and to investigate the effects of water management on crop
production (Attia et al., 2016)).

Governmental and non-governmental (NGOs) institutes have been
implementing debates and actions in favor of the reforestation of the
mountainous areas in Haiti (Widmer et al., 2018). Several studies have
investigated the relationship between deforestation, environmental
quality, fuelwood consumption in Haiti, and the perception of farmers
toward forest conservation (McClintock, 2003; Dolisca et al., 2006a,
2006b, 2007, 2009; Tarter, 2016; Ghilardi et al., 2018). They found that
deforestation was closely linked to the limited source of energy in Haiti.
Wood is commonly used to produce charcoal as the main source of en-
ergy for cooking food and baking bread. Churches et al. (2014) evalu-
ated the spatio-temporal changes of Haiti’s forest coverage using
Landsat imagery, and Balogun Mohammed et al. (2018) assessed alter-
native bioenergy crops to replace trees as feedstock for charcoal pro-
duction. Although deforestation is expected to have a negative effect on
natural resources and agriculture, the impacts have not been quantified
for Haiti, and the connection until now has not been explored.

The goal of this study was to assess how forest land use change can
affect watershed hydrology and agriculture. The specific objectives
include investigating the direct effects of afforestation and deforestation
on streamflow and their subsequent impacts on irrigation water avail-
ability and crop production. This paper describes the clear linkage be-
tween land use, hydrology, and agriculture and discusses the
implications and limitations of this work.

2. Methods and materials
2.1. Study area

This study focused on the Coujolle River Watershed (CRW) located in
the Arcahaie region of Haiti. This watershed represents a typical agri-
cultural landscape, with upstream mountainous watersheds connected
to downstream low-lying irrigation areas (Fig. 1). This watershed drains
water from 80 kmz, and it is dominated by savanna (97%) (CNIGS,
2008). The National Aeronautics and Space Administration (NASA)
global Shuttle Radar Topography Mission (SRTM) data show that the
elevation of the watershed ranges from 100 to 1498 m above mean sea
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Fig. 3. Rating curve developed from the Courjolle River flow monitoring.

level (USGS, 2019). The FAO Digital Soil Map of the World (DSMW)
indicates that the study area encompasses different soil types, including
silty clay loam, sandy loam, and clay loam (FAO-UNESCO, 2003). The
average annual rainfall between 1981 and 2017 obtained from the
Climate Hazards Group InfraRed Precipitation with Station data
(CHIRPS) was 928 mm (Funk et al., 2015; Dinku et al., 2018). The
monthly average air temperature between 1984 and 2018 obtained from
NASA POWER ranged from 26.2 °C for August (warmest) to 29.6 °C for
January (coolest) (Fig. 2) (Pandey et al., 2016; Lopez et al., 2017,
Stackhouse et al., 2018; Maldonado et al., 2019). The CRW is critical in
providing water for domestic use and agricultural production in its
downstream areas. The Arcahaie region is known for its capacity for
producing dry bean and plantain in Haiti (RGA/MARNDR, CNIGS, FAO,
and European Union, 2012). However, the local farmers are challenged
to find sufficient water for irrigation during the dry season (MARNDR,
2012).

2.2. Streamflow monitoring

Streamflow level was recorded at the outlet of CRW every minute
from August 2018 to April 2019. Once a week, the water level was read
on a staff, and the cross-section and the flow velocity were measured.
From the records, a rating curve was constructed for the outlet, and then
the flow discharge was calculated from the water level (Fig. 3).

The calculated streamflow discharge was analyzed to characterize
the pattern of the flow variation in reaction to rainfall events and
investigate how the pattern (or flow regime) responds to land use
change scenarios (Poff et al., 1997; Baker et al., 2004). In this study, the
Richards-Baker (R-B) flashiness index was used to characterize the
streamflow regime and responsiveness to rainfall events at a daily scale
(Baker et al., 2004; Eq. (1)).

Z?:lkii —gi1|
Z:’:lqi

R—B flashiness index = (@)

where q is daily flow, i is time (day), and n is the number of days. The R-B
flashiness index quantifies the degree of oscillations in daily flow
compared to total flow for a given period. Thus, daily streamflow with
relatively high temporal variations will yield a greater R-B flashness
index value. On the other hand, relatively stable streamflow will result
in a smaller index value. Baker et al. (2004) found the index is negatively
correlated to baseflow and watershed areas and suggested its use for
identifying changes in flow regimes in response to changes in land cover
and management practices.
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Table 1
Input data for watershed modeling with SWAT.
Data Source Format Scale or Date
Resolution
DEM*" USGS Raster 30-m resolution 2000
LULC® CNIGS® Polygon 1:100,000 1998
Soil FAO- Raster 1:5000,000 2003
UNESCO
Weather UHM Tabular - 2014-2019
data
NASA Raster 0.5° x 0.5° 2014-2019
Streamflow  Measured Tabular - 2018-2019
data

@ DEM: Digital Elevation Model.
Y LULC: Land Use and Land Cover.
¢ CNIGS: Centre National de de I'Information Geo-Spatial.

2.3. Watershed model preparation

The hydrological characteristics and processes of the CRW were
mathematically described using the SWAT model (Arnold et al., 1998),
which was also used to represent deforestation and afforestation sce-
narios and simulate the impact on the streamflow responses of the CRW.
Previous studies have shown the capacity of SWAT as a tool to simulate
hydrological watershed responses to changes in land use such as tree
coverage (Sun et al., 2005; Neupane et al., 2015; Marhaento et al.,
2017).

For the SWAT modeling component, topography data in raster
format with a 30-m resolution (SRTM 1-arc-Second Global) were ob-
tained from the United States Geological Survey (USGS) (accessible at
https://earthexplorer.usgs.gov/) (Table 1). The soil information was
retrieved from the Food and Agricultural Organization — United Nations
Educational, Scientific and Cultural Organization (FAO — UNESCO) soil
database (FAO-UNESCO, 2003). The most recent (1998) land cover data
were obtained from the Haitian government (CNIGS) (CNIGS, 2008).
The closest local weather station is located at an approximate distance of
10 km from the CRW, and it is managed by the Haitian Unité Hydro
Météorologie (UHM). The UHM provided the rainfall data from 2016,
when the station started collecting rainfall data, to 2019. The solar ra-
diation, temperature, wind speed, and relative humidity were down-
loaded from the NASA POWER portal for the same period (2014—2019)
(accessible at https://power.larc.nasa.gov/data-access-viewer/) for
model calibration and scenario analysis (Pandey et al., 2016; Lopez
etal., 2017; Maldonado et al., 2019). Missing rainfall data of UHM were
filled by replacing values from other sources (CHIRPS; Funk et al.,
2015).

The CRW land cover is characterized by savanna (97%) and dense
agroforestry system (2%) (CNIGS, 2008). The compiled landscape and
weather information was used as input data for the SWAT model, which
was set up with 25 subbasins and 212 hydrological response units
(HRUs) with a stream initiation threshold of 1.5 km? and HRU threshold
of 5% (land use) — 5% (soil) — 5% (slope) (Her et al., 2015) (Fig. 4). The
dominant land cover, i.e., savanna, was represented by trees/shrubs in
poor condition where “forest litter, small trees, and brush are destroyed
by heavy grazing or regular burning” (Haan et al., 1994; Neitsch et al.,
2011).

The SWAT model was calibrated and evaluated to the daily stream-
flow that was measured at the outlet of the watershed from August 2018
to April 2019, and the model was then used to simulate the runoff
processes in response to land cover change scenarios. Based on an un-
derstanding of the hydrological process of the study areas, literature,
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Table 2
SWAT parameters for streamflow calibration.
Parameters Description Variation Ranges
Method X
Min Max

SOL_AWC Available water capacity of the — r” -0.25 0.25
soil layer (mm/mm)

SOL K Saturated hydraulic r 0.25 0.25
conductivity (mm/hr)

SLSUBBSN Average slope length. v 10 150

HRU_SLP Average slope steepness r -0.5 1

CN2 SCS runoff curve number r -0.25 0.25

SURLAG Surface runoff lag time v 0.05 24

GW_REVAP Groundwater evaporation v 0.02 0.2
coefficient

ALPHA_BF Baseflow alpha factor (days) v 0 1

GW_DELAY  Groundwater delay time (day) v 0 500

REVAPMN Depth of water for evaporation v 0 500
(mm)

GWQMN Depth of water for return flow v 0 5000
(mm)

RCHRG_DP Deep aquifer percolation v 0 1
fraction

CH_K2 Effective hydraulic v 0.01 150
conductivity in main channel
alluvium (mm/hr)

OV.N Manning’s "n" value for v 0.01 30
overland flow

ESCO Soil evaporation compensation v 0.01 1
factor

EPCO Plant uptake compensation v 0.01 1
factor

? r: means a relative change in the parameter where the current value is
multiplied by one plus a factor in the given range after each iteration during the
calibration process.

b v: means a substitution of a parameter by a value from the given range after
each iteration during the calibration process.

and expert judgment, sixteen key parameters were selected for calibra-
tion (Table 2; Arnold et al., 2012). The state variables (e.g., the total
amount of water in the soil profile) of the model were stabilized for a
simulation period from January 2014 to August 2018. This study was
able to obtain streamflow observations for nine months, but the flow
monitoring could not expand beyond that point due to limited access to

the study areas and security management issues. Thus, a differential
split-sample test was implemented to make maximum use of the moni-
toring data and improve the representativity of a calibrated parameter
with a limited amount of data. The streamflow monitoring data were
split into four periods based on the hydrological regimes (two wet and
two dry periods): Wetl (August 22, 2018 to October 11, 2018), Wet2
(October 12, 2018 to December 1, 2018), Dryl (December 2, 2018 to
February 11, 2019), and Dry2 (February 13, 2019 to April 23, 2019).
Then, a differential split-sample test was performed to calibrate and
evaluate the model using the two pairs of sub-periods’ streamflow ob-
servations: Wetl-Dry2 and Wet2-Dryl. For instance, when the first wet
period (Wetl) and the second dry period (Dry2) were used to calibrate
the parameters in the first calibration trial (FCT), the second wet period
(Wet2) and the first dry period (Dryl) were employed to evaluate the
calibrated model.

The model parameter space was explored using the Latin hypercube
sampling approach (McKay et al., 1979, 2000; Ye, 1998) from the
Sequential Uncertainty Fitting version 2 incorporated in the SWAT
Calibration and Uncertainty Procedure (SWAT-CUP) tool. In each of the
calibration trials, a total of 4000 parameter sets were sampled and
evaluated to find one that provided the best accuracy statistics (Mar-
haento et al., 2017). The Nash-Sutcliffe Efficiency (Nash and Sutcliffe,
1970) and Kling-Gupta Efficiency (Gupta et al., 2009) were selected as
objective functions, which were then maximized in the calibration.

» (Qobstiy — Coim(i) )2
-
z} (Qubs(i) - Qobx)

i=

NSE = 2

where, Qg is the i" observed daily discharge data, Qgm is the i
simulated daily discharge data, and Q,; is the mean observed data, and
n is the total number of observed data.

12

KGE= 1— (r—=17+(@=1"+@F-1)7) 3)

wherea =2, § = L’—S, and r is the linear regression coefficient between
simulated and measured discharge, u, and y,, are the means of the

simulated and measured data, and ¢, and o, are the standard deviation
of simulated and measured data, respectively. The performance of a



R. Mompremier et al.

Table 3
Land use change scenarios.

Land Cover Type Scenarios Spatial Distribution Scenarios

25% 50% 75% 100%
Deforestation D25" D50 D75 D100
Afforestation A25" A50 A75 A100

2 D25, D50, D75, and D100: Upstream watershed with 25%, 50%, 75%, and
100% deforestation.

b A25, A50, A75, and A100: Upstream watershed with 25%, 50%, 75%, and
100% afforestation.

calibrated model was further evaluated using other performance sta-
tistics such as coefficient of determination (r?) and percent bias (PBIAS)
(Ritter and Munoz-Carpena, 2013; Abbaspour et al., 2015). A generic
model evaluation procedure, FITEVAL, was used to investigate the ac-
curacy in detail (Ritter and Munoz-Carpena, 2013; Harmel et al., 2018).
In this study, NSE equal to or greater than 0.5 and PBIAS smaller than
+15% were regarded acceptable (Moriasi et al., 2015; Harmel et al.,
2018).

2.4. Crop model preparation

Local farmers use supplemental irrigation to produce dry bean in the
downstream areas of the CRW, with the streamflow discharge of CRW as
the main source for water (Fig. 1). The CSM—~CROPGRO-Drybean model
(Hoogenboom et al., 1992, 1994) of the Decision Support System for
Agrotechnology Transfer (DSSAT) (Hoogenboom et al., 2019a, 2019b;
Jones et al., 2003) was used to mathematically represent the dry bean
physiological processes (Mompremier et al., 2021). Rainfall data ob-
tained from different sources, including NASA-POWER, CHIRPS, and
local weather stations of UHM, were combined to create a single

(@) 25% land cover: .
ot 4

(c) 75% land cover
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time-series as input for the crop model. Soil data used for the crop model
simulations were compiled from a local soil survey conducted by Jeune
(2015) (Mompremier et al., 2021). Three years of crop management
data, including anthesis, physiological maturity, and yield (Raphael
Colbert, personal communication), were used for calibration and eval-
uation of the CSM-CROPGRO-Drybean model (Mompremier et al.,
2021). The model was then used to simulate the dry bean yield responses
to the different watershed land cover (deforestation and afforestation)
scenarios regarding the amount of water that can be provided. In the
study areas, farmers grow dry bean from December to March, and the
recent data sets received from the Ministry of Agriculture of Haiti for
2015-2016 and 2016-2017 showed that most of the dry bean fields are
planted around December 15. Since the focus of the study is to quantify
the response of dry bean yield to the variation in water availability (or
deficit), we assumed that fertilizer was not limiting and that pests, dis-
eases, and weeds were properly controlled.

2.5. Scenarios analysis

The effects of afforestation and deforestation on water resources in
the CRW were evaluated by comparing the simulated total water yield,
direct runoff, and baseflow based on the calibrated SWAT model. Then,
the impact on dry bean yield was assessed using the CSM-CROPGRO-
Drybean model to which the available water simulated with the
watershed model was provided as input data. This modeling experiment
that loosely coupled two different models for the simulation of hydrol-
ogy and crop growth (Siad et al., 2019) was expected to enable us to
explicitly investigate the linkage between the upstream savanna
watershed and downstream agricultural areas.

The current land cover condition, where 97% of the drainage areas of
CRW were covered by savanna, was regarded as the baseline in the
scenario analysis. Two different land covers and four spatial distribu-
tions were combined to create eight land use change scenarios (Table 3

(b) 50% land cover;‘"“‘*~?,._ ~

A

\, -

A Courjolle River Dam
—— Courjolle River

Fig. 5. Spatial distribution of the subbasins in the CRW.
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precipitation was recorded at a local weather station close to the study areas.

Table 4

Final calibrated watershed model parameters using NSE and Kling-Gupta Efficiency (KGE) as the objective functions.

Parameters” Fitted Values (NSE") Fitted Values (KGE) Value Ranges (NSE) Value Ranges (KGE)

Min Max Min Max
GW_DELAY 18.2 17.3 7.00 85.8 0.000 79.0
RCHRG_DP 0.200 0.055 0.080 0.482 0.027 0.313
GWQMN 175 125 0.000 903 0.000 780
GW_REVAP 0.026 0.207 0.023 0.070 0.164 0.217
CN2 -0.247 -0.249 -0.250 -0.159 -0.250 -0.133
SLSUBBSN 95.1 92.0 92.1 131 48.8 104
SURLAG 13.1 9.73 11.9 16.3 9.34 17.3
SOL_AWC -0.142 0.109 -0.144 -0.050 0.064 0.209
HRU_SLP 0.073 0.717 -0.044 0.239 0.410 0.805
SOL K -0.173 0.003 -0.181 -0.043 -0.088 0.067
CH_K2 71.5 72.6 62.7 97.6 43.6 85.3
ALPHA _BF 0.561 0.601 0.555 0.829 0.414 0.643
OV_.N 28.4 28.8 24.6 30.0 24.9 30.0
ESCO 0.219 0.707 0.133 0.298 0.654 0.858
EPCO 0.274 0.536 0.116 0.571 0.361 0.711
REVAPMN 105 346 2.00 115 302 434

% GW_DELAY: groundwater delay (day), RCHRG_DP: groundwater recharge to the deep aquifer, GWQMN: depth of water for return flow (mm), GW_REVAP:
groundwater evaporation coefficient, CN2: curve number, SLSUBBSN: average slope length, SURLAG: surface runoff lag coefficient, SOL_AWC: available water ca-
pacity of the soil layer (mm/mm), HRU_SLP: Average slope steepness, SOL_K: Saturated hydraulic conductivity (mm/hr), CH_K2: Effective hydraulic conductivity in

main channel alluvium (mm/hr), ALPHA_BF: Baseflow alpha factor, OV_N: Manning’s

Plant uptake compensation factor, REVAPMN: Depth of water for evaporation.
b NSE: Nash-Sutcliffe model Efficiency coefficient.
¢ KGE: Kling-Gupta Efficiency.

and Fig. 4). For instance, an afforestation scenario, so-called a condition
“better” than the current, was represented by replacing the savanna with
“woods in good condition” where “woods are protected from grazing,
and litter and brush adequately cover the soil” in the SWAT modeling
(Haan et al., 1994; Neitsch et al., 2011). On the other hand, a defores-
tation scenario, a condition “worse” than the present land cover
(savanna), was described with a “pasture, grassland, or range in a poor
condition” where “ground cover less than 50% or heavily grazed with no
mulch” in the modeling (Haan et al., 1994; Neitsch et al., 2011).

The simulation period from January 1, 2017 to December 31, 2018
was determined according to the availability of local weather station
data, which were obtained from a local weather station managed by the
Haitian government. The missing data were replaced with daily data

m"

value for overland flow, ESCO: Soil evaporation compensation factor, EPCO:

from CHIRPS. Since dry bean is grown from mid-December to the end of
March, the water yield simulated with SWAT from December 15, 2017
(dry bean planting date in the district) to March 31, 2018 (end of the dry
bean season) was used to estimate the amount of water available for
irrigation in the scenario analysis.

The spatial distributions of land cover changes were determined,
assuming that the changes, either afforestation or deforestation, start at
subbasins close to residential areas in the watershed (Figs. 1 and 5). In
the study area, most of the population lives close to their farms that are
located downstream of the CRW outlet or dam. In the scenario analysis,
thus, subbasins closer to the outlet were assumed to first experience the
land cover changes. For instance, the subbasins #13, #21 to #25, whose
summed savanna areas correspond to 25% of the total savanna areas of
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Table 5
Evaluation of SWAT model performance.
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Performance Statistics First Calibration Trial (FCT)

NSE" as Objective Function

Calibration
NSE 0.67
R? 0.69
PBIAS® (%) 11.9

Performance Statistics Second Calibration Trial (SCT)

NSE as Objective Function

Calibration
NSE 0.69
R? 0.69
PBIAS (%) -3.5

KGE" as Objective Function

Evaluation Calibration Evaluation
0.65 0.56 0.63

0.65 0.63 0.68

-1.1 4.5 -7.7

KGE as Objective Function

Evaluation Calibration Evaluation
0.62 0.65 0.57

0.67 0.69 0.58

-6.2 0.2 4.0

First Calibration Trial (FCT) was conducted using streamflow observations made in the W2 (second wet) and D1 (first dry) periods for calibration and the W1 and D2

periods for evaluation.

Second Calibration Trial (SCT) was conducted using streamflow observations made in the W1 (first wet) and D2 (second dry) periods for calibration and the W2 and D1

periods for evaluation.
@ NSE: Nasch and Sutcliffe Efficiency,
b KGE: Kling-Gupta efficiency,
¢ PBIAS: Percentage of bias.

the CRW, were selected to represent the 25% land use chance scenario
(Fig. 5 and Table 3). The 50% scenario additionally includes the sub-
basins #10, #11, #12, #18, and #20, and the subbasins #4, #6, #9,
#14, #16, #17, and #19 were newly added to the 50% scenario to
develop the 75% scenario.

3. Results
3.1. Streamflow and baseflow separation

The streamflow discharge of the CRW showed large temporal vari-
ations within the monitoring period from August 2018 to April 2019
(Fig. 6). The average flow was 1.7 m® s~! with a standard deviation of
1.3 m®s7! and a peak flow of 8 m®s~! on October 16, 2018. A baseflow
separation implemented using the BFlow model showed that baseflow
contributes 70% of the streamflow (Arnold et al., 1995; Arnold and
Allen, 1999). The R-B flashiness indices that were calculated (0.12) for
the streamflow confirmed that the baseflow was the principal source of
surface water for the dry bean growing season (Mompremier et al.,
2021).

3.2. Watershed model calibration and evaluation

In the sensitivity analysis, GW_DELAY (groundwater delay) was
identified as the most critical parameter, and it was followed by

Table 6

RCHARG_DP (groundwater recharge to deep aquifer), GWQMN (depth
of water for return flow), GW_REVAP (groundwater evaporation coef-
ficient), CN2 (curve number), SLSUBBSN (average slope length), SUR-
LAG (surface runoff lag coefficient), and SOL_AWC (available water
capacity of the soil layer) (Table 2). In Table 4, the calibration param-
eters are placed in the order of the daily streamflow simulation sensi-
tivity to them. This study selected a parameter set that provided the
largest Nash-Sutcliffe model Efficiency coefficient (NSE) value among
the ones that were identified as providing acceptable performance sta-
tistics (NSE greater than 0.5 and PBIAS smaller than + 15%) in the
model calibration (Table 4). Then, the chosen parameter set was
incorporated into the SWAT model for a representative watershed for
the following scenario analysis.

The differential split calibration and evaluation strategy (FCT and
SCT) was employed to improve the representativity of a calibrated
model (Table 5). The differences between performance statistics
including NSEs, KGEs, and PBIASs obtained from FCT and SCT were not
significant, but PBIAS values showed that parameter sets identified from
SCT consistently overestimated the total flow volume in the calibration
period but underestimated it in the evaluation period, but their sizes
(less than 12%) were within the acceptable ranges.

An outlier was identified during the calibration period (Fig. Ala).
The outlier could be explained by the uncertainty and errors in the
rainfall data that were used for model calibration and evaluation. The
total amount of rainfall reported on October 15, 2018 and October 16,

Simulated responses of streamflow hydrograph components to the land cover change scenarios.

Afforestation scenarios

Month Total Water Yield (%)"

A25 A50 A75
Dec 1.9 3.7 5.3
Jan 2.3 4.3 6.6
Feb 1.8 3.6 5.4
Mar 1.5 3.1 5.2
Deforestation scenarios
Month Total Water Yield (%)

D25 D50 D75
Dec -6.2 -12.2 -18.3
Jan -7.6 -15.1 -23.4
Feb -5.4 -9.9 -14.4
Mar -6.2 -12.4 -18.6

A100
6.8
8.6
7.2
6.7

D100
-24.0
-30.9
-18.0
-24.7

Baseflow (%)

A25 A50 A75 A100
1.9 3.7 5.3 6.8
2.3 4.3 6.6 8.6
1.8 3.6 5.4 7.2
1.5 3.1 5.2 6.7
Baseflow (%)

D25 D50 D75 D100
-6.2 -12.2 -18.3 -24.0
7.6 -15.1 -23.4 -30.9
-6.8 -13.1 -20.7 -27.0
-6.2 -12.4 -18.6 -24.7

# The numbers represent the amount of relative change from the baseline to a scenario: relative change = (scenario —baseline) /baseline
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Fig. 8. Comparison of the yield variability simulated with the CSM—~CROPGRO-
Drybean model for each land use scenario.

2018 was 0 mm according to the UHM, but high flow discharges of
7.58 cm® 57! and 8.02 cm® 57! were observed for these two days. The
recorded cumulative rainfall from 10/02/2018-10/16/2018 was
136 mm, and the total observed flow was 84 mm for the same period.
The runoff ratio of 0.62 ( = 84mm/136mm) seems reasonable when
considering that October is in the middle of a wet season. Such com-
parisons between the rainfall records and the runoff observations
demonstrated that rainfall observations from a single station might not
be representative of the overall rainfall in a watershed due the spatial
variability, especially in mountainous areas. The local rainfall data
could not capture the timing of a rainfall event, even though it might be
able to show the overall amount of long-term rainfall. Additionally, the
local weather station is located approximately 10-13 km from the

watershed. Thus, the spatial variability in rainfall in the region could
lead to additional uncertainty in the rainfall data that were used for
model calibration and evaluation. Despite this uncertainty, the model
was able to simulate the large variability in the observed flow, except for
the flow observed on October 16, 2018 (Fig. Alb).

The parameter sets calibrated to one (Wet2-Dry1) of the two pairs of
wet and dry periods consistently provided higher NSE and lower KGE
values, compared to ones calibrated to the other (Wet1-Dry2) (Table 5).
Such calibration results indicate that, even though both objective
functions are known to be sensitive to large values, KGE is more
responsive to small values such as baseflow between storm events than
NSE, as designed (Gupta et al., 2009). The results also indicate that the
model relatively accurately predicted direct runoff or high flow during
the Wet2-Dryl period than during the other period (Table 5 and
Fig. Al). For both periods, the baseflow was relatively accurately
simulated by the model compared to the high flow. Overall, model
performance was acceptable in simulating the daily water discharge of
CRW in terms of NSE, R? and PBIAS (Table 5; Ritter and
Munoz-Carpena, 2013; Moriasi et al., 2015).

3.3. Streamflow impact analysis

The deforestation scenarios increased direct runoff by 30-113% and
decreased baseflow by 7-28% on an annual basis depending on the size
of the changes compared to the baseline (W25 to W100; Table 6 and
Fig. 7). The changes in direct runoff and baseflow were canceled out to
each other so that the total water yield did not change substantially
(0.7-2%). However, for the afforestation scenarios, direct runoff
decreased by 9-32%, while baseflow increased by 2-9%. The
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afforestation scenario also decreased the flow variability and increased
the flow stability. As a result, the flashiness index decreased from 0.05 to
0.04 in 2017 and 0.1-0.08 in 2018 (Fig. 7). The total water yield did not
change substantially; it only increased by 0.1% at an annual scale,
compared to the current condition, but it increased by 2-8% during the
dry season from December to March. Such results are attributed to the
fact that the baseflow accounts for approximately 70% of the total
streamflow in the study area. In contrast, for the deforestation scenario,
the water yield decreased by 6-24% during the dry season. These
findings are supported by previous studies that have related land use
change to changes in direct runoff and baseflow (Belmar et al., 2016;
Gashaw et al., 2017, 2018).

3.4. Dry bean yield impact analysis

The simulated streamflow discharges by SWAT for the dry bean
growing season from December to March were incorporated into the
CSM-CROPGRO-Drybean model to determine the impact of the land
cover change scenarios on dry bean yield through the changes in
streamflow that are available for irrigation for crop production. The crop
modeling scenarios showed that the deforestation scenarios decreased
the amount of available water from 6% to 25% (from W25 to W100)
and, thus, resulted in a decrease in dry bean yield that ranged from 16%
to 42% (Fig. 8). On the other hand, the afforestation scenarios increased
dry bean yield by 8-24% by increasing the amount of water available for
irrigation during the dry period from 2% to 7% (from A25 to A100;
Table 6). These results demonstrate that water availability for irrigation
is critical to crop production in the study area, suggesting that watershed
land use management can improve crop production by helping to secure
irrigation water.

Given the irrigation management practices of the region, the farmers
collect water from the Courjolle River to irrigate the fields by surface
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irrigation. Dry bean yield followed a similar trend with the water
availability during the growing season for each watershed condition.
The reduction in the tree cover of the CRW, e.g., the deforestation sce-
narios, created a reduction in the amount of water available for irriga-
tion from 6% to 25% compared to the baseline scenario. On the other
hand, the afforestation scenarios increased the amount of water avail-
able for irrigation from 2% to 6%. As there is no reservoir in the irri-
gation district to store rainwater during the wet period, the land cover
directly controls the availability of water for irrigation during the dry
season.

4. Discussion

The watershed model was calibrated to observed daily streamflow,
and sixteen parameters were selected for the calibration based on a
knowledge of the parameters and streamflow sensitivity to them in the
study watershed. In the sensitivity analysis, parameters related to the
groundwater processes were identified as critical, which corresponds to
the fact that approximately 70% of the total streamflow is contributed
by baseflow. During model calibration, the curve numbers (CN2) were
substantially reduced (by 25%) to allow the soil layers and shallow
aquifer to quickly replenish soil water and groundwater during rainfall
events. A long groundwater discharge delay time (18.2 days of
GW_DELAY) and a low groundwater “revap” coefficient (0.03 of
GW_REVAP) that were identified during calibration confirm that the
groundwater processes have a dominant role in the hydrology of the
watershed. The importance of groundwater should create more interest
in developing forestation programs for the study areas since the affor-
estation scenario would generate more baseflow (more stable than direct
runoff) and thus increase water availability, especially during the dry
season. Such findings suggest the effectiveness of afforestation efforts for
Haitian water resources and agriculture.

Data quantity and quality are two big challenges in model prepara-
tion, especially for study areas in developing countries. A limited
amount of streamflow data did not allow for a comprehensive study on
the applicability of the watershed model and reducing its uncertainty.
This study could not continue the streamflow monitoring due to the
safety and security conditions of the study areas. Because the study fo-
cuses on the growing season of dry bean, from December to March, in
the study area located in Haiti; thus, the streamflow records collected for
the limited time period might still be useful and valuable to this study.
We tried to ensure the reliability of the monitoring data by comparing
them with historical flow discharge records made by the Ministry of
Agriculture (Ministére de I’Agriculture des Resources Naturelles et du
Développement Rural: MARNDR) of Haiti from 1923 to 1939. The data
were provided by the Unité Hydrométéorologique D'Haiti of MARNDR
in 2018. From the comparison, we found that our streamflow moni-
toring data have greater seasonal (or monthly) variations compared to
the historical records, implying a greater direct runoff contribution to
the streamflow in recent years (Fig. 9). For example, the differences
between the average daily streamflow discharge in October (the wettest
month) and March (the driest month) were 3.68 cms and 1.53 cms for
the current (2018-2019) and historical (1923-1939) periods, respec-
tively. The relatively large direct runoff contribution to streamflow and
the resulting large temporal streamflow variation (difference between
streamflow discharges in the wettest and driest months) might be
attributed to the deforestation processes that had occurred since the
time when the historical flow measurements were made. At a daily scale,
moreover, the variations of our flow monitoring data were generally
covered by those of the historical records, but the streamflow discharges
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observed in the current periods (2018-2019) sometimes exceeded the
historical maximum average daily flow in September and October (wet
seasons; Fig. 9b). We could not find quantitative land cover data that can
confirm this speculation that deforestation has progressed since the
1920s, but the literature reported that the land uses of Haiti had changed
substantially from 1900 to 1961 and even after the period (e.g., 1980's;
Palmer, 1976; Hedges et al., 2018), which could explain the differences
between the temporal streamflow variations observed in the current and
historical periods. The comparison between the current and historical
streamflow monitoring records provided an idea of how the hydrology
of the drainage watershed has changed in the past 100 years.

The study areas are characterized by mountains and hills, which are
known to increase the spatial variability of rainfall (Buytaert et al.,
2006; Stefanidis and Stathis, 2018). The rainfall data were collected
from a single weather station located at a distance of 13 km from the
watershed, and the characteristics of orographic precipitation that is
common in a mountainous watershed such as CRW might not be pre-
cisely captured by the station data. Other weather variables, including
solar radiation, wind speed, relative humidity, minimum and maximum
temperature were not available from the station; thus, they were
retrieved from satellite-based estimates such as the NASA Power project
database, which may include much uncertainty due to the spatial reso-
lution (Stackhouse et al., 2018; White et al., 2008). The limited quantity
of quality data and observations prevented this study from fully inves-
tigating the uncertainty of the modeling experiments, highlighting the
role of field monitoring and measurements and suggesting a long-term
investment in obtaining fundamental data, especially for developing
countries.

The most recent official land cover data that were available for the
study areas were prepared in 1998. Since then, changes might have
happened in the watershed. Also, the definition of “savanna” can be
different in terms of the densities and proportions of trees and grasses. A
land cover type can be difficult to define quantitatively and precisely.
For instance, “savanna” of the SWAT database may not be the same as
that of CNIGS. We assumed that the boundary and quality of “savanna”
that cover the majority (97%) of the study watershed did not change
during the simulation period, which might have introduced additional
uncertainty during watershed modeling and scenario analysis. In this
study, we tried to verify this assumption by comparing the land use layer
with the Google Map image and photos taken during field visits (made
from August 20-24, 2018) and found that the savanna is still dominant
in the study watershed (Fig. 1(b) and (c)).

The soil data used in the modeling experiment was derived from a
global-scale soil database, FAO-UNESCO (FAO, 2003), which was pre-
pared at a coarse resolution (1:5,000,000). Thus, it may not precisely
represent the actual conditions of local soils and their spatial variations
at the watershed scale, which might have added additional uncertainty
to the modeling. Such epistemic uncertainty sources, including limited
quantity and quality of observations, the lack of local rainfall observa-
tions, the categorical vagueness, and scale issues, would have affected
the results of the modeling experiments. However, we left the uncer-
tainty issue for future studies and focused on estimating the “relative”
potential impact of the land use changes on the water availability and
dry bean yield of the study areas.

This study tried to accurately represent agricultural management
practices implemented in the downstream irrigation districts in the crop
modeling based on the best of knowledge and information available for
the study areas. However, several assumptions were required due to a
lack of data and information. For instance, we assumed that local
growers plant dry bean at the density recommended by the Ministry of
Agriculture of Haiti, but not all the farmers may follow the recommen-
dation. Diseases and insects can negatively affect crop growth and yield,
which was not considered in the modeling. Fertilizers were assumed not
to be restricted so that growers could apply fertilizers enough not to
limit dry bean growth. Local farmers may grow several dry bean culti-
vars that may have different yield potential, and only some of them may
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be available to the farmers in specific years. We selected a dry bean
cultivar that is the most common one (X-RAV-40, Mompremier et al.,
2021), for which experimental data was available for the crop growth
and yield calibration. Streamwater collected by the Courjolle River dam
located at the outlet of CRW is diverted into two lined canals passing the
irrigation districts and then distributed to individual dry bean fields
through the earthen canal networks (Mompremier et al., 2021). The
water diversion and distribution are determined by a local committee
called the Association des Irrigants de la Plaine de 1'Arcahaie (AIPA)
mainly based on water availability, fees paid for the right to use the
water, and field sizes. In reality, however, growers who have fields
closer to the irrigation dam and canals want to get more water than the
other growers with fields located relatively downstream of the dam,
which created a great challenge for irrigation management. In this
study, it was assumed that the same depth of irrigation water would be
distributed to individual dry bean fields regardless of the proximity to
the dam and canal and where the water use fees were paid or not. These
assumptions might create biases in the crop yield and land cover impact
estimates, probably overestimation.

The afforestation scenario increased total water yield and reduced
direct runoff, which corresponds to other studies that reported the forest
coverage could improve infiltration capacity, facilitate groundwater
recharge, and then increase water availability during the dry season
(Ilstedt et al., 2016a, 2016b; Filoso et al., 2017). The finding is also
supported by the previous studies that investigated the interactions
between land use and hydrological changes (Wilk and Hughes, 2002;
Zhang et al., 2012; Neupane et al., 2015; Marhaento et al., 2017). The
deforestation scenario increased direct runoff, on average, by 113%
during the two years of simulation but decreased total water yield in the
dry bean growing season (or dry period) between December and March.
On the other hand, baseflow and total water yield increased during the
dry period under the afforestation scenario. Similar results have been
found in other studies (Sun et al., 2005; Belmar et al., 2016; Gashaw
et al., 2017) that showed that the forest areas had a stabilization effect
on the flow regime by increasing baseflow. Gebremicael et al. (2019)
also found that forested or vegetated areas decreased wet-season flow
and increased dry-season flow while bare land areas resulted in the
opposite. The finding from this study provided additional evidence for a
close linkage between watershed management and agricultural pro-
ductivity and the effects of afforestation on water resources and
agriculture.

Past studies that have been conducted in Haiti did not show the
connection between crop yield and land use changes. In this context,
there was a need to identify models that could assist with the simulation
of both the hydrological processes and crop growth and yield prediction.
The two models were selected to estimate the dry bean responses to land
use scenarios. Coupling the two models, i.e., SWAT and CSM-CROPGRO-
Drybean, was useful in the essence that the hydrologic model enabled
the simulation of streamflow available from the watershed system, while
the CSM-CROPGRO-Drybean model allowed the integration of the
different amounts of water available from land use change scenarios that
were simulated by the SWAT model and to estimate the responses of dry
bean yield to these changes. In the end, coupling the two models for this
study allowed exploring the linkage between crop yield and land use
changes, i.e., afforestation and deforestation, which provides strategic
insights for management practices. The information and data that were
created in this study are expected to help decision-makers to develop
efficient natural resource management plans and practices in Haiti.

5. Conclusion

Afforestation could help secure stable water resources and thus
improve crop production in the study areas. On the other hand, defor-
estation made the watershed and agricultural areas vulnerable to
drought by decreasing streamflow, especially baseflow in dry or growing
seasons, and increasing its variability. The land use scenario of
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afforestation for the entire upstream drainage areas provided the largest
water availability and crop production potential in the downstream
irrigation district. Even the least afforestation scenario (25% of the
upstream areas are afforested) could increase dry bean yield by 8% from
increasing baseflow by 2% in the dry growing season. These results
highlight the interconnection between the natural environment and
agroecosystem and the importance of watershed and forest planning and
management for improved agricultural sustainability. The afforestation
scenarios could effectively manage both the water and agricultural re-
sources. The scenario analysis results suggest that at least the current
land use condition should be maintained to avoid a severe negative
impact on crop production.
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