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Abstract: Watershed Investment Programs (WIPs) face many challenges in implementing strategies
aimed at restoring and preserving ecosystem services using Nature-based Solutions (NbS). A key
challenge lies in defining SMART (Specific, Measurable, Achievable, Relevant, and Time-bound)
objectives, which involve addressing questions such as which NbS interventions to apply, where, and
in what amounts. Effectively achieving WIPs’ objectives requires strategic implementation of NbS. In
response to this challenge, we present SIGA-CALv1.0, a daily time-step and distributed modeling
conceptual framework that enables the design and evaluation of the impact of NbS portfolios on water
quantity and quality. To validate our framework, we applied it to the Arma river basin in Colombia.
Our findings indicate that NbS can lead to substantial benefits, including reductions of up to 47% in
sediment, 62% in nitrogen, 8% in phosphorus, and 15% in pathogen indicators (total coliforms). The
proposed methodological framework offers decision-makers robust technical support for defining
strategic NbS implementation plans, guided by SMART objectives. This approach strengthens the
effectiveness of ecosystem services restoration and conservation strategies in watersheds, enabling
more efficient resource allocation and improved environmental outcomes.

Keywords: nature-based solutions; watershed investment programs; SMART objectives; hydro-
sedimentological modeling; water quality modeling; distributed modeling

1. Introduction

Nature-based solutions (NbS) are increasingly being implemented as strategies to
address water security issues [1–3], with growing use and replicability in watershed in-
vestment programs (WIPs) in urban and rural areas worldwide. One of the primary
challenges in implementing NbS strategies is aligning them with SMART (Specific, Mea-
surable, Achievable, Relevant, and Time-bound) objectives, particularly when funding is
limited, and key stakeholders prioritize measurable and near-term outcomes.

The effectiveness of NbS investments in improving water quantity and quality is
commonly defined, either based on a conceptual formulation of the likely changes in the
physical processes directly or indirectly modified through the portfolio of NbS investments,
or by comparing measured data regarding water quantity and quality from impact, refer-
ence, and control watersheds [4–6]. However, expected outcomes are often complex and
are sensitive to local conditions, such as climate, aridity, geology, and watershed size [7,8],
as well as external and anthropogenic disturbances. This makes practically evaluating
NbS investment programs challenging [9]. Monitoring and modeling therefore arise as
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complementary quantitative strategies to support NbS investments, especially because the
effects of many NbS take time to manifest.

Modeling tools, such as the Soil Water Assessment Tool (SWAT) [10] and the Integrated
Valuation of Ecosystem Services and Tradeoffs Tool (InVEST) [11], are widely recognized
for their ability to quantify several water quantity and quality attributes at different tem-
poral and spatial scales (see Table 1). The InVEST tool is typically more user-friendly for
those not as familiar with process-based modeling [7] and enables long-term assessments
for a variety of water quantity and quality metrics, but its temporal structure limits the
assessment of stream flow regimes that are required to connect the effects of NbS with
changes in extreme hydrological events such as floods and droughts. This limitation can
make it challenging to obtain relevant indicators from InVEST to guide decision making
in certain contexts. Conversely, a comprehensive review of global applications of the
SWAT tool for assessing ecosystem service responses to NbS was conducted by [12], with
most documented cases focusing on provisioning and regulating services, including those
presented in Table 1. The set of parameters required to represent NbS in the SWAT tool is
also well documented [13,14] for agricultural best management practices, such as contour
farming and no-tillage farming. Furthermore, the semidistributed structure of the SWAT
tool has been used to identify priority management areas (PMAs) within watersheds [15]
based on the pollutants exported to surface waterways from the nearby subbasins and hy-
drological response units (HRUs) that are used to spatially discretize watersheds. However,
it is important to note that in practice, intervention areas do not necessarily fit the size or
extent of HRUs because many WIPs (e.g., Water Funds) [16] typically focus on spatial units
corresponding to parcels of land (hereafter ‘parcels’) owned or controlled by single persons
or entities. The aforementioned challenges have been of interest to stakeholders, research
centers, universities, and consulting companies in relation to both research and operational
tasks [17], leading to the development of several comprehensive tools for hydrological
analyses and modeling based on conceptual models [17–20]. In this paper, we present an
alternative model for WIPs, which we have called SIGA-CALv1.0, which overcomes some
modeling challenges related to the spatial representation of hydrological, sedimentological,
and water quality processes. Table 1 shows some general attributes for SIGA-CALv1.0
in comparison with SWAT and InVEST, which are also widely used in NbS investment
analysis for watersheds.

Table 1. Modeling tools for accounting for water quantity and water quality attributes.

Model Aspect
Modeling Tools

SWAT InVEST SIGA-CALv1.0
(This Exercise)

Time step Daily Annual Daily

Scale Subbasin Cell-based size Cell-based size

Water primary service

Water yield, stream flow, base
flow, flood regulation,

nitrogen load/concentration,
phosphorus

load/concentration, sediment
load/concentration

Water yield, sediment yield,
nutrient yie ld

Water yield, stream flow, base
flow, flood regulation,

nitrogen load/
concentration, phosphorus

load/concentration, sediment
load/concentration, dissolved
oxygen, biochemical oxygen

demand, pH, pathogen
indicators (total coliforms)

We aim to describe a comprehensive framework for quantifying the water quantity
and quality effects of existing and potential NbS interventions and prioritizing the spatial
allocation of NbS within a watershed based on these effects. This framework is based on
the conceptually based, daily time-step, distributed and cell-based modeling tool SIGA-
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CALv1.0 (from the Spanish acronym for Geoscientific Open Simulation), developed and
implemented by The Nature Conservancy and Gotta Ingeniería to support the Water Fund
CuencaVerde (based in Medellín, Colombia) to define and develop SMART-oriented NbS
interventions as laid out in Table 2 below.

Table 2. Linking SMART objectives with the modeling tool SIGA-CALv1.0 capabilities (see Section 2.3).

Criteria Challenge Goal

Specific Linking improvements to NbS portfolios with
modeled parametrization

To define potential NbS interventions based on the
actual watershed Land Use/Land Cover (LULC),
as well as relating the induced LULC change with

hydrological and water quality processes

Measurable

NbS effects take time to materialize, thus
monitoring and modeling allow for the assessment
of the likely tendency and impact of outcomes in

advance

To estimate attributes of water quantity and water
quality and align them with Water Funds’ practical

monitoring and evaluation programs

Achievable
WIPs targeting water security issues must define a
realistic program(s) of NbS interventions that aim

to achieve relevant outcomes

To identify how much NbS to implement based on
established goals, and where

Relevant
Most WIPs and NbS are voluntary and may thus
not deliver optimal interventions, particularly if

not targeted precisely

To identify and prioritize management areas to
best achieve the goals of the WIP

Time-bound

Few models enable a dynamic simulation of the
temporal effects of NbS, which is important for

assessing the timing of benefits of water quantity
and quality

To give WIPs simulation capabilities to assess
temporal trends in water quantity and water

quality, while considering external factors that may
cause deviations from expected outcomes

2. Materials and Methods

We have used a distributed modeling approach to prioritize NbS interventions in
certain areas of a watershed, based on the assessment of several important environmental
variables under different scenarios. This section outlines the modeling framework structure
and its key concepts, as well as the case study used to perform the analysis.

2.1. Modeling Framework Structure

SIGA-CAL is a computational modeling framework based on the modeling scheme
SHIA proposed by [18], which has been developed to represent different basin phenomena.
The resulting framework integrates six models that operate on a daily time step basis and
represent different aspects of watersheds (meteorology, phenology, hydrology, sedimen-
tology, landslides, and water quality) in a distributed manner. The watershed is spatially
delimited into square grid cells to enable the modeling process.

At each time step, the modeling framework performs different calculations in sequence.
First, it calculates the meteorological variables of interest for all the cells in the watershed.
After that, the leaf area index (LAI) is computed through a phenological model, giving in-
formation about the state of the vegetation in each cell. The hydrological model is executed
next, incorporating the information provided by the former two models (meteorology and
phenology). The runoff information given by the hydrological model enables the comput-
ing of the landslides and sedimentological models. The water quality model is a composite
of several submodels, one each for temperature, dissolved oxygen, ammonium, organic
nitrogen, nitrates, organic phosphorus, inorganic phosphorus, Escherichia coli, biochemical
oxygen demand, and conductivity.

Given that the base model (SHIA) is a hydrological tank model, the sedimentology and
water quality models (in hillslopes) have been conceptualized in a similar way. Section 2.2
provides a more detailed explanation of the conceptual framework and mathematical
models used in SIGA-CALv1.0.
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2.2. Topological Representation of the Basin

SIGA-CALv1.0 models the basin as a raster grid made up of square cells. Several
distributed attributes give information about flow conditions, terrain morphology, and the
state of each cell regarding all the models of the framework (e.g., LAI, water depth storage
in the aquifer, and organic nitrogen concentration).

Among the attributes of each cell is a type (channel network or hillslope), which deter-
mines which processes may occur in the cell for the several models previously described.
Connection between cells is defined by the destination attribute, which specifies the identi-
fication number of the cell to which the given cell’s drainage is directed, based on the flow
direction [21]. Given a set of initial conditions, as well as the distributed parameters of the
basin, the modeling framework continuously updates the state of all the cells for all the
variables at each time step until the simulation is finished.

2.3. Physical Processess Conceptualization

As indicated previously, SIGA-CALv1.0 is a composite modeling framework made up
of several integrated models that have been independently proposed by different authors,
adapted to the framework structure. Measuring units have been standardized: mass is
always expressed in kilograms, length in meters, and time in days. The sections below
outline each model in turn. The details of each model, including their mathematical
formulation and empirical relationships, can be found in the Supplementary Material S1.

2.3.1. Meteorological Model

This model represents the spatial and temporal variability of the meteorological vari-
ables needed to simulate the phenological and hydrological processes of the watershed,
based on the interpolation of point measured time-series data. Relative humidity, solar
radiation, vertical precipitation (rainfall), and zonal and meridional wind speed are inter-
polated using the inverse distance weighting (IDW) method [22]. Minimum and maximum
temperatures are interpolated using an assembly of the IDW method with the ordinary least
squares (OLS) method [23]. The OLS method is used to incorporate the trend component
of air temperature as a variable dependent on altitude, while the IDW method is used to
interpolate the residual spatial variability.

Potential evapotranspiration is evaluated using one of two approaches depending on
the cell conditions: in channel network type cells, evapotranspiration is calculated using the
method proposed by Shuttleworth [24], whereas the FAO Penman–Monteith model is used
in hillslope type cells [25]. Actual evapotranspiration is evaluated within the hydrological
model.

Horizontal precipitation (fog interception by vegetation) is evaluated after the phe-
nological model—because it depends on the state of the vegetation—using the approach
proposed by [26]. With this approach, horizontal precipitation is calculated based on tem-
perature, relative humidity, LAI, wind velocity, and a land-cover-specific fog collection
efficiency. Horizontal precipitation is given in the same units as vertical precipitation depth
(meters), and total precipitation for each cell is calculated as a sum of vertical and horizontal
precipitation.

2.3.2. Phenological Model

Changes in vegetation driven by environmental conditions can be represented by
SIGA-CALv1.0 through its phenological model, based on [27]. Assuming a permanent state
of vegetation (maturity), two phases can be identified: growth (increase in leaf surface) and
senescence (decrease in leaf surface). The growth and senescence phases can be expressed
in terms of leaf area index (LAI), which is defined as the one-sided green leaf surface per
unit ground surface area (m2/m2) [28].

LAI increase is determined using air temperature, until a land-cover-specific max-
imum LAI value is reached, at which point the growth phase stops and LAI remains
constant until the senescence rate (leaf aging and death) overtakes the growth rate. During
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senescence, LAI declines until a land-cover-specific minimum LAI value is reached, and/or
environmental conditions (soil moisture and precipitation regime) enable a new growth
phase to start.

Some important variables for subsequent models depend on LAI, including the value
of the Manning’s roughness coefficient in hillslopes, and the cropping management factor
of the Universal Soil Loss Equation (RUSLE C factor). Manning’s coefficient in hillslopes
has two components: one based on soil texture and other based on vegetation conditions.
The vegetation component is calculated by multiplying a land-cover-specific potential
Manning’s coefficient with a fraction given by the quotient of the current LAI value and
the maximum potential LAI value for the corresponding land cover of the cell.

The RUSLE C factor is one of the variables for the estimation of sediment transport
capacity in hillslopes using the modified version of the Kilinic and Richardson equation [29],
as adapted by Julien [30]. It is evaluated as a function of LAI using an empirical relationship
(see Supplementary Material S2).

2.3.3. Hydrological Model

The SHIA model [18] is the basis of the hydrology of the SIGA-CAL modeling frame-
work. SHIA is a distributed hydrological model that represents the surface and soil layers
of a watershed as storage tanks, connected by pipes both vertically (inside a single cell) and
horizontally (between an origin cell and a destination cell). It assumes that water flow is
vertical through the surface and soil layers until certain thresholds are reached, at which
point excess water is temporarily stored and then drained horizontally to the destination
cell, flowing through the same layer where the water excess has occurred. The channel
network cells are an exception to this last rule, as the horizontal drainage goes directly to
the channel storage tank of the same cell.

To incorporate the concept of preferential flow pathways, the vertical connection
within each cell is represented by a main pipe with consecutive diversion nodes that deliver
the water to the different storage tanks.

Water enters the system from the top of the pipe as total precipitation, flowing down
until it finds the first diversion node where some water is sent to the foliar storage (tank 0),
representing the process of water retention by vegetation via surface tension. The amount
of water conducted to foliar storage depends on the amount of total precipitation, as well
as the remaining capacity of the tank, which is finite. The total capacity of the foliar storage
depends on the leaf surface in the cell, which is given by the LAI. Water stored in the foliar
tank cannot join runoff flow, and its only way out is via evaporation.

Any water remaining in the main pipe after the first diversion node continues its
way down to the next diversion node, which transfers water to the capillary storage
(tank 1). This diversion represents the process of water retention and storage in the soil
micropores, where it cannot flow by the effect of gravity. The amount of water transferred
to the capillary storage depends on the amount of water available at the input of the
corresponding diversion node (not-intercepted precipitation) as well as the remaining
capacity of the capillary storage tank. The total capacity of the capillary storage is the
volume of water that must be added to bring the soil column of a cell from the permanent
wilting point to field capacity. Similarly, to the water stored in the foliar tank, water stored
in the capillary tank cannot join runoff flow; its only way out is via transpiration by the
vegetation.

Any water still available after the capillary diversion node keeps going down until
it reaches the superficial storage (tank 2) diversion node. The superficial storage tank
represents the water that flows over the hillslope surface. The amount of water that
enters the superficial storage tank depends on the water available at the input of the
corresponding diversion node (effective precipitation) as well as the upper soil permeability
(which describes the capacity of the soil to receive infiltration from the surface). When the
upper soil layer becomes saturated, water can emerge to the surface and become another
input for the superficial storage tank. Since water infiltrating to the upper soil has already
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been subtracted at the diversion node, the only way out of the superficial storage is the
horizontal drainage to the destination cell, or in the case of channel network cells to the
channel storage tank of the same cell.

Any remaining water in the main pipe after the superficial diversion node flows
downward to the upper soil storage (tank 3) diversion node. This point represents the
process of infiltration and percolation through the macropores, which are the spaces within
the shallow layer of soil where water is subject to the force of gravity. The quantity of
water entering the upper soil storage depends on the water available at the input of
the corresponding diversion node (infiltration) and the lower soil permeability (which
determines the capacity of the deeper soil layer to receive percolation from the upper layer).
Since water percolating to the lower soil has been already accounted for at the diversion
node, the water stored within the upper soil tank can either be drained horizontally to
the destination cell (or to the channel storage tank of the same cell in the case of channel
network cells), or it can emerge directly to the superficial tank if the capacity of the upper
soil storage has been exhausted (i.e., it is fully saturated). The upper soil storage capacity
is the amount of water that must be added to bring the soil column of a cell from field
capacity to saturation; water emergence occurs when saturation conditions are reached.

Finally, water remaining in the main pipe (if any) reaches the final diversion node. At
this point it is possible to incorporate underground water exchange between watersheds,
resulting in an addition or a subtraction of the quantity of water that is finally delivered
to the lower soil storage (tank 4). However, underground water exchanges between
watersheds should be incorporated only when there is strong evidence supporting their
occurrence, and therefore, they are generally not considered. Water transferred to the lower
soil storage flows at a very low velocity and can only leave the tank via horizontal drainage
to the destination cell (or to the channel storage tank of the same cell in the case of channel
network cells).

Channel storage (tank 5) is only present in the cells where permanent and consolidated
drainage channels exist. This tank receives water drained horizontally from the channel
storage of the upstream channel network cell(s), as well as the horizontal drainage coming
from the superficial, upper soil, and lower soil storage tanks of the same cell. The only
way out of the channel storage tank is the horizontal drainage to the channel storage of the
destination cell.

Anthropic interventions in the hydrologic system, such as reservoirs, water intakes,
and discharges, are included in the model. Reservoir cells are represented as simple channel
storage tanks, in which only surface processes are considered: there is an exchange of water
between the water body and the atmosphere through precipitation and evaporation, and
horizontal transport of liquid water from the origin to the destination cell channel storage
tanks. Water intakes and discharges are modeled as additions or removals of water from
the channel storage tanks of their respective cells.

Figure 1a schematically presents the conceptualization of the hydrological model
(other parts of the Figure visualize the other models, which are explained below).

2.3.4. Sedimentological Model

Sediment production, transport, and deposition processes are simulated in the SIGA-
CAL modeling framework by incorporating the CASC2D-SED sediment model [31] along
with the fundamental principles of the hydrological tank model. A riverbank erosion
component is also integrated, using the work of Wilkinson [32]. The sediment dynamics
are governed by the availability of sediment (supply) and the energy availability of the
water flow to move particles (transport capacity). Erosion prevails when the transport
capacity exceeds the sediment supply, whereas deposition dominates when sediment
supply surpasses transport capacity. A balance between capacity and supply promotes
transport only (no erosion or deposition).
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The previously outlined concepts are represented in SIGA-CALv1.0 through a system
of storage tanks and flow paths, with sediments being the flowing element. Each cell in the
model is equipped with a minimum of three storage tanks: one for suspended material at
the top, another for deposited material in the middle, and a third for parental material at the
bottom; all of them together representing the hillslope component of sediment dynamics.
Channel network cells feature three additional storage tanks that are analogous to the
ones described earlier, but specific to the river channel itself. The main distinction of the
channel-specific storage tanks is that the parent material within them consists of riverbank
material, whereas in the hillslope storage tanks it is composed of the upper reach of the soil.
Each one of the tanks is further divided into three subtanks, assigned to the three particle
sizes considered by the model (sand, silt, and clay).

As mentioned above, the volume of sediment flow is determined by the transport
capacity of water. For hillslopes, the modified version of the Kilinic and Richardson
equation [29], as adapted by Julien [30], is used to evaluate this variable. In the case
of channel networks, transport capacity is determined using the Engelund and Hansen
equation [33]. The magnitude of the transport capacity in each cell dictates the volume of
sediment that can flow horizontally as suspended material.

The first process that occurs in each time step is deposition from the suspended
material to the deposited material tank of each cell. The sediment settling process follows
the same methods explained by [17,34], which are also based in the CASC2D-SED model.
The volume of sediment settled is subtracted from the suspended material tank and added
to the deposited material tank.

Following sediment deposition, the model compares the transport capacity with the
volume of material stored in the suspended material tank. If the volume of material exceeds
the transport capacity, an amount equal to the transport capacity is moved horizontally, and
the remaining volume in the suspended material tank is then subjected to the deposition
process in the next time step. Conversely, if the transport capacity exceeds the volume
of material in the suspended material tank, all its contents are horizontally mobilized as
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suspended material, and the remaining transport capacity is utilized to mobilize sediments
stored in the deposited material tank.

A similar process is performed for the deposited material tank. If the volume of
material stored in the deposited material tank exceeds the remaining transport capacity,
a volume equivalent to the remaining transport capacity is removed from the deposited
material tank and mobilized horizontally, as resuspended material. Alternatively, if the
remaining transport capacity is greater than the volume of material stored in the deposited
material tank, all of it is resuspended. If this occurs, the remaining transport capacity after
mobilizing suspended material and resuspending sediment is used to remove and mobilize
material from the parental material tank in the case of hillslopes, representing the erosion
process over the surface of the soil. As mentioned earlier, erosion in the channel network is
modeled using the Wilkinson approach.

The horizontal mobilization of suspended, resuspended, and eroded material is similar
to the horizontal drainage of the tanks in the hydrological model. In hillslope cells, all the
mobilized material is sent to the suspended material tank of the corresponding destination
cell. Since channel network cells feature both hillslope and channel-specific tanks, their
hillslope mobilized material is sent to the channel suspended material tank of the same cell,
whereas their channel mobilized material is sent to the channel suspended material tank of
the corresponding destination cell. Figure 1b schematically presents the conceptualization
of the sedimentological model.

2.3.5. Landslide Model

Mass movements are simulated in SIGA-CALv1.0 using a mechanistic geotechnical
approach relying on the SHIA Landslide model [35], which builds upon earlier research
by [36]. The susceptibility of a specific cell to experience a landslide is evaluated through
the infinite slope model [37]. This model considers the various stabilizing and destabilizing
forces acting on a simplified conceptual slope.

These forces are affected by several variables, namely soil bulk density, soil cohesion,
soil friction angle, water density, soil vertical depth, vertical depth of the saturated portion
of the soil, and slope angle. Among these variables, only the vertical depth of the saturated
portion of the soil is modelled for each time step in SIGA-CALv1.0. This variation is
coupled with the hydrological model, since it is evaluated using the amount of water stored
in the upper soil tank, as well as the soil depth and the maximum capacity of the upper
soil storage.

Since the vertical depth of the saturated portion of the soil is the only time-changing
variable in SIGA-CALv1.0, a critical landslide-triggering value for the variable can be
calculated for each cell based on the mechanical equilibrium of the forces involved in
the infinite slope system. That critical value is the main tool used to perform the slope
stability analysis.

That being said, some cells can be excluded from the stability analysis for two reasons.
Cells where the soil vertical depth is smaller than the critical value of the saturated soil
depth have a correspondingly unconditionally stable hillslope, and therefore no landslides
ever occur in these cells. Cells in which destabilizing forces dominate even when there
is no water stored in the upper soil tank (saturated soil depth is zero) are considered
unconditionally unstable. For these unconditionally unstable cells, it is assumed that a
landslide already occurred before the start of the simulation.

During the simulation, the slope stability analysis is performed at every time step
for each one of the susceptible cells (all those that have not been previously excluded).
The vertical depth of the saturated portion of the soil is compared to the corresponding
critical value, and a landslide is triggered at those cells where the critical value is surpassed.
Landslides are represented as a mass movement process, started by removing a volume
of sediment from the cell. The removed volume is calculated using an expression based
in [38] (refer to the Supplementary Material S1).
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The landslide development is modeled using the method proposed by [36]. The
movement is sent to the corresponding destination cell, where it keeps removing material
successively until a cell with a slope angle less than a specified critical value (usually
between 10◦ and 15◦) is reached. Sediment deposition starts at the next cell, and continues
until either a runout distance is depleted or a cell with a slope angle less than a specified
stop value (usually between 4◦ and 5◦) is reached (whichever condition is satisfied first).

The runout distance is estimated as a fraction (usually set to 0.45) of the difference
between the elevation of the cell where the landslide is triggered and the elevation of
the cell where the material removal stops. The volume of material accumulated along
the removal path is divided across the runout distance, and it is distributed along the
deposition cells according to their distance along the direction of drainage.

If the movement stops due to reaching a slope angle less than the stop value (without
depleting the runout distance), all the remaining material is deposited in the stop cell.

All deposited material is directed to the deposited storage tank of the sedimentolog-
ical model in the corresponding cells. Figure 1c presents a conceptual schematic of the
landslide model.

2.3.6. Water Quality Model

SIGA-CALv1.0 features a water quality model that accounts for the impact of both
nonpoint source and point source loads on the physical and chemical properties of water as
it flows through the channel network. This works by representing water quality processes
using two distinct approaches: one for hillslopes and another for river channels.

On hillslopes, diffuse loads of organic nitrogen, nitrates, ammonium, organic phos-
phorus, inorganic phosphorus, and E. coli, all dependent on land cover, are applied over
the soil surface of each cell. Their dilution, transport, and transformation processes are
represented through a system of storage tanks and flow paths that follow the structure of
the hydrological model. The representation of these processes in SIGA-CALv1.0 is based
on the conceptualization of the SWAT, TETIS, and INCA models [39–42], as shown in
Figure 1d.

A daily mass of the determinant enters the accumulation storage tank, located at the
top of the system. The mass stored in this tank can undergo processes such as washing,
transformation by bacterial action, volatilization, and absorption by plants. Water dilution
occurs when a precipitation event takes place, as effective precipitation washes a portion of
the mass proportional to a determinant-specific solubility constant. The washed portion is
then directed to the capillary storage diversion node.

At this point, the mass of the determinant dissolved in the water entering the capillary
hydrological storage is delivered to the homologous water quality tank. The mass dissolved
in the water that continues flowing down through the main pipe of the hydrological model
reaches the superficial storage diversion node.

In general, since the mass of the determinant is dissolved in the water, the distribution
of water quality determinants closely follows the distribution of water in the hydrological
model, except for the diffusion-based mixing between the mass of dissolved determinant
in the upper soil storage tank and the capillary storage tank. The capillary storage tank
consists of two sections, a saturated and a partially saturated portion. The partitioning
between these sections affects only the water quality model, as only the saturated portion
of the capillary tank can mix with the content of the upper soil tank.

The horizontal drainage also follows the behavior of the hydrological model, within
the superficial, upper soil, and lower soil tanks. Water quality determinants are drained
horizontally through the hillslope cells until they reach a channel network cell. Just like in
the hydrological model, channel network cells have both the hillslope tank structure and a
channel-specific structure. Again, in channel network cells, the horizontal drainage from
the hillslope tank structure is directed to the channel structure, where the water quality
determinants follow a different mechanism of transport.
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During their path along the hillslopes, water quality determinants undergo different
transformation, gain, and/or loss processes. These processes only occur in the reactive
zone, where temperature and humidity conditions lead to transformations taking place.
The reactive zone is composed of all the storage tanks and derivations located above the
lower soil diversion node.

The transformation processes occurring in the reactive zone are specific for each water
quality determinant. The different forms of nitrogen can follow the processes of miner-
alization, nitrification, denitrification, fixation, volatilization, immobilization, and plant
uptake. Organic and inorganic phosphorus can undergo the processes of mineralization,
immobilization, plant uptake, and exchange with the firmly soil-bound phosphorus pool.
Finally, E. coli related processes include growth and die-off.

In the nonreactive zone, the water quality determinants are only transported without
other processes taking place, with the exception of E. coli, for which all the content entering
the nonreactive zone is considered lost. This is because it is assumed that E. coli cannot
survive under the environmental conditions present in the lower soil storage tank.

In river channel cells, water quality determinant loads are received from both hillslopes
and water discharges. These loads result from the processes of dilution, transport, and
transformation of diffuse loads in the upstream hillslopes, as well as from point sources
(water discharges) into the network. Additional variables are modeled in the channel
network besides those considered in the hillslope cells, namely: total phosphorus, dissolved
oxygen, biochemical oxygen demand, temperature, conductivity, total suspended solids,
and turbidity.

The dilution and transport processes of determinants along the drainage network are
represented through a modeling approach known as quasi-steady state aggregated dead
zone (ADZ) [43,44]. The ADZ model represents the complex morphological structure of a
river reach through a simplified topological abstraction, in which the reach is divided into
two zones: one of pure advective transport, and the other being an aggregated dead zone.
A given concentration of a solute entering the reach is assumed to travel firstly through the
pure advective zone for a given time, and then enter the aggregated dead zone, where it is
mixed instantly and resides for another given time. The amount of time spent by the solute
in each zone depends on the geomorphological conditions of the reach. In SIGA-CAL,
each individual channel network cell is treated as a reach in the context of the ADZ model,
and the cell-specific geomorphological conditions required for the ADZ calculations are
evaluated as part of the preprocessing stage.

The implementation of ADZ in SIGA-CALv1.0 is based on the water quality model
QUASAR (quality simulation along river systems) [45,46]. In addition to the advective and
dispersive processes represented by the ADZ scheme, QUASAR incorporates sinks and
sources of mass for the water quality determinants, through first-order reactions.

Each determinant can undergo specific transformation processes. Dissolved oxygen
enters the water through reaeration from the atmosphere and is depleted through nitrifica-
tion and oxidation. Biochemical oxygen demand has three sinks: denitrification, oxidation,
and organic matter sedimentation.

A standard reference value (corresponding to a temperature of 25 ◦C) is assigned to
all hillslope cells for calculating conductivity. This value is then moved downhill to the
channel network as a diffuse load. Once inside the stream, conductivity flows using the
quasi-stationary ADZ-QUASAR model as a conservative tracer including the additional
effects coming from point loads.

Organic nitrogen can settle or transform into ammonium through hydrolysis. Ammo-
nium can transform into nitrate via nitrification. Nitrates are depleted via denitrification.
Organic phosphorus can settle or transform into inorganic phosphorus via hydrolysis. E.
coli can undergo settling and mortality processes during its transit through the streams.

Some variables are computed as a function of others using empirical relationships
or simple arithmetic operations. For example, total coliforms are calculated through an
empirical equation as a function of E. coli, and total phosphorus is calculated as the sum
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of organic phosphorus and inorganic phosphorus. The total volume of sediments flowing
towards the suspended storage tank of the destination cell is summed and transformed into
mass, resulting in the total suspended solids value. Turbidity is evaluated via an empirical
expression as a function of total suspended solids. Refer to the Supplementary Material S2
for more detail on the empirical relationships used.

2.4. NbS Portfolio and Potential NbS Interventions

A specific portfolio of NbS was defined by considering the expected LULC transition
after NbS implementation. This portfolio includes best livestock practices, best agricultural
practices, nucleation, enrichment planting, passive restoration, and conservation. These
methods represent some of the most frequently employed NbS by WIPs, and are particularly
relevant to the WIP operating within the study area (CuencaVerde in Medellín, Colombia).
Table 3 shows the definition of each NbS used in the conceptualization.

Table 3. Definition of NbS in SIGA-CALv1.0.

NbS Definition

Best livestock practices

Active introduction of shrub and tree plants that serve to improve soils
and provide fodder for livestock. This is generally associated with an

improvement of previously compacted soils, as well as an
improvement in pasture quality. About 200 plants are used for each

single hectare of a system with best livestock practices. These plants are
arranged linearly every 3 m along the boundaries of the property, or to

separate paddocks.

Best agricultural practices

Active introduction of productive plants, usually shrubs or trees, often
in combination with other species. Arrangements that contribute to
greater productivity, such as live fences, are also often incorporated.
For each single hectare of a system with best agricultural practices

about 200 plants are used. These plants are dispersed throughout the
property depending on drainage conditions, slope, and soil type. They

can also be arranged as a corridor at the boundaries of the property.

Nucleation

A combination of actions aimed to aid the recovery of vegetative cover.
Nucleation consists of installing cores of native plants that attract
dispersers and facilitate natural regeneration. It should only be

implemented in areas adjacent to natural areas. Nucleation requires
planting approximately 800 trees per hectare.

Enrichment planting

A combination of actions aimed to aid the recovery of vegetative cover.
Active restoration by enrichment planting consists of introducing

native plants in the most degraded parts of an area where there are
already traces of native vegetation. This approach requires the planting

of approximately 390 trees per hectare.

Passive restoration

A combination of actions that facilitates the natural regeneration of
vegetation. These actions are mainly aimed at removing the source of
degradation of vegetative cover—the most common strategy is physical
fencing (e.g., spike or electric fencing) to protect areas. Some passive
restoration exercises also include installing structures that serve as
perches or shelters for animals that are potential seed dispersers to
attract them and expedite the process. No planting is carried out in

this scheme.

Table 4 shows the expected LULC change induced through the implementation of each
NbS [47]. Base LULC refers to the land cover class before the NbS implementation, and final
LULC refers to the land cover class resulting from NbS implementation. Note in Table 4
that a single LULC class can be transformed by several NbS; thus a spatial allocation within
the watershed was defined in terms of both the expected establishment time (∆T) for the
succession between the initial and final LULC class, and the likely change of the leaf-area
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index in response to the NbS implemented (∆LAI). The former was assigned based on
typical floristic arrangements of the intervention type and their corresponding allometric
relationships [48], and the latter by considering the estimated average LAI values for each
LULC class. The expected land cover transitions induced by the NbS implementation are
the result of several years of field observation by The Nature Conservancy in restoration
and conservation programs [47], using the Corine Land Cover (CLC) level 3 classes [48,49].

Table 4. LULC class transitions for the specific NbS portfolio represented in SIGA-CALv1.0.

NbS Base
LULC

Base
LULC Code

Final
LULC

Final LULC
Code

∆T
(Years) ∆LAI

Best livestock
practices

Mosaic of pastures
and crops 242

Mosaic of crops,
pastures, and
natural areas

243 10 0

Wooded pastures 232 Mosaic of pastures
with natural spaces 244 7 0.56

Weedy pastures 233 Mosaic of pastures
with natural spaces 244 10 0.56

Clean pastures 231 Mosaic of pastures
with natural spaces 244 12 0.56

Bare and
degraded lands 333 Mosaic of pastures

with natural spaces 244 13 2.89

Best
agricultural

practices

Permanent shrub crops 222 Mosaic of crops and
natural spaces 245 10 0.6

Permanent herbaceous
crops 221 Mosaic of crops and

natural spaces 245 10 0.6

Crop mosaic 241 Mosaic of crops and
natural spaces 245 12 0

Pasture and crop
mosaic 242 Mosaic of pastures and

crops 243 10 0

Other transitory crops 211 Mosaic of crops and
natural spaces 245 12 0.6

Tubers 215 Mosaic of crops and
natural spaces 245 12 0.6

Nucleation

Weeded pastures 233 Fragmented forest 313 19 0.82
Weeded pastures 233 Grassland 321 19 1.01

Clean pasture 231 Fragmented forest 313 21 0.82
Clean pasture 231 Grassland 321 21 1.01

Bare and degraded
land 333 Secondary or

transitional vegetation 323 22 1.72

Enrichment
planting

Open forest 312 Dense forest 311 19 0
Fragmented forest 313 Open forest 312 11 0
Mosaic of pastures
with natural spaces 244 Fragmented forest 313 14 0.26

Wooded pasture 232 Open forest 312 16 0.82
Wooded pasture 232 Grassland 321 16 1.01

Secondary or
transitional vegetation 323 Open forest 312 19 −0.19

Passive
restoration

Open forest 312 Dense forest 311 19 0
Fragmented forest 313 Open forest 312 19 0
Mosaic of pastures
with natural spaces 244 Secondary or

transitional vegetation 323 22 0

Secondary or
transitional vegetation 323 Fragmented forest 313 27 −0.19

Once the specific portfolios are defined, three possible intervention pathways are
possible. The first pathway focuses on suggesting LULC transitions that maximize the ∆LAI
parameter, since a higher ∆LAI is likely to promote greater erosion reduction, improved
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water regulation, and enhanced water quality. In such cases where the NbS-driven LULC
transitions result in the same ∆LAI change, the selected NbS is that which minimizes the
∆T parameter when ∆LAI is greater than zero, or the one that maximizes the ∆T parameter
when ∆LAI is less than zero. The second pathway focuses on selecting LULC transitions
that require less establishment time. The third pathway is a combination of the first two
pathways. A score P was assigned to each pathway from normalized quantities ∆T∗ and
∆LAI∗, where coefficients a and b (see Figure 2) take values of (1 and 0), (0 and 1), and (0.5
and 0.5) for each scoring category.
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Figure 2 shows an example of the allocation criteria previously described for those
pixels with a base LULC class of 233 (weeded pastures). Three final LULC classes can be
achieved from this starting point, depending on the NbS implemented and whether it is
applied within paramo zones (an alpine mountain ecosystem that can be found at high
altitudes in the Andean Mountain range [50]). Figure 2a shows the corresponding score
for each intervention pathway as well as the best option (bold red values) in paramo and
nonparamo areas.

It should be mentioned that for those transitions whose action corresponds to active
nucleation, adjacency to natural spaces (50% of the adjacent area) within a radius of 500 m
was required. This is important for the movement of seed dispersers such as birds, bats, and
wind, among others; with birds being the most effective dispersers according to monitoring
studies like those conducted by [50]. Furthermore, areas classified as paramo were only
allowed to have transition to shrubs (LULC class 321).

2.5. Prioritization of Intervention Areas

To identify and prioritize relevant management areas for NbS implementations aligned
with the WIP goals, we used the mean annual sediment/nutrient delivery from a pixel i to
a control or interest point k, δik, [15,51] given by:

δik = (Ii)∏Mik
j=i+1

(
1− RCj

)
, (1)

where Ii is the net contribution of sediment/nutrient from element i, RCj is the sedi-
ment/nutrient retention coefficient of element j, and Mik is the number of elements (pixels)
connecting element i to control point k. It is worth noting that each pixel of the drainage
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network was considered as a control point, taking into account the relevance of all water
bodies in the influence area of the WIP.

In the SIGA-CALv1.0 conceptualization, the net contribution of sediments/nutrients
is related to the slope of the terrain (S%), the RUSLE soil erodibility factor (RUSLE-K),
direct surface runoff (q), the RUSLE-C coverage factor, and the nonpoint pollutant loads,
the last two being directly related to the LULC category. Therefore, considering that
the mitigation of sediment/nutrient deliveries through the drainage network by WIP
interventions is achieved through NbS (i.e., through the transformation of LULC according
to the intervention portfolio described in Section 2.5), Equation (1) can be modified to
estimate the average annual delivery of sediments/nutrients that can be avoided, δ∗ik, from
an element I, as follows:

δ∗ik ≈
(

IBL
i − I I

i

)
∏Mik

j=1

(
1− RCj

)
, (2)

where IBL
i is the net contribution of sediment/nutrient from element i for the baseline

simulation scenario, and IP
i is the net contribution of sediment/nutrient from element i for

the potential intervention scenario. It must be noted that Equation (2) is presented as an
aproximation as IP

i can vary not only in response to LULC changes in pixel i but also due
to effects associated with changes upstream.

Since NbS are implemented at the parcel scale, an additional step in the prioritization
process requires aggregating the metric δ∗ik at this scale as illustrated in Figure 3, where those
pixels (within each parcel) with restoration potential contribute by decreasing downhill
nitrogen (δ∗i−N), phosphorus (δ∗i−P), total coliforms (δ∗i−EC) and sediment (δ∗i−TSS) loads, and
by increasing expected water movements in the soil column which contribute to base flow
(δ∗i−BF). Within these calculations, contributions from each variable were normalized in the
range [0, 1] and weighted by w-factors equally assigned.

δ∗parcel = wSST ∑
Parcel

δ∗i−TSS + wN ∑
Parcel

δ∗i−N + wP ∑
Parcel

δ∗i−P + wEC ∑
Parcel

δ∗i−EC + wFB ∑
Parcel

δ∗i−BF (3)
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2.6. Basin of Study

The Arma watershed drains 298.5 km2 at the confluence of the Buey and Piedras rivers
(see Figure 4), and accounts for 8.5% of the entire influence area of the CuencaVerde WIP,
which is supported by several private and public organizations. The primary objective
of the WIP is to enhance water governance, ensure water security, and promote climate
change adaptability within the large watershed system that supplies drinking water to
one of the most populous metropolitan areas in Colombia [52]. This watershed is in
the Magdalena River basin, one of the main water courses in Colombia, and ranges in
elevation from 1817 to 2921 m above mean sea level, with average annual precipitation of
2949 mm. The main land uses, according to the CORINE Land Cover types, are pasture
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(40.55%), heterogeneous agricultural areas (26.49%), shrub and/or herbaceous vegetation
(21.53%) and forest (11.05%). Furthermore, the analysis conducted by CuencaVerde using
LULC maps from the period 2015–2020 has revealed a significant trend towards increased
degradation in the watershed, particularly in the expansion of pasture areas [52].
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2.7. Model Input Data

The primary data used to perform the modeling framework with SIGA-CALv1.0
came from the monitoring program carried out in the study area by Empresas Públicas
de Medellín, the main partner and funding source for CuencaVerde. Water quality deter-
minants and suspended sediment concentrations are available over the period 2012–2021
for the downstream distributed sites in high (H), medium (M), and low (L) watercourse
positions (shown in Figure 4 as WQ—Water Quality—stations) along both the Buey and
the Piedras rivers. Daily precipitation and discharge gauge stations are spatially dis-
tributed as shown in Figure 4 with records available in the period 2015–2022. Furthermore,
daily meteorological data such as solar radiation, temperature, relative humidity, and
wind speed/direction were collected from the National Hydrological Center of Colombia
IDEAM.

The input data required to perform the modeling framework are presented in detail in
the Supplementary Material S3 and summarized in Table 5. An ALOS-PALSAR [53] Digital
Elevation Model (DEM) was resampled to a 100 m pixel size to appropriately balance
process representativity and computational efficiency [54,55]; this was then used to derive
the topological watershed representation as previously described in Section 2.2. Soil layer
vector data (1:25,000 scale) obtained from regional agencies [56] were the starting point
to obtain the RUSLE K-factor as well as to size the upper soil storage tank within the
hydrological model. CORINE Land Cover level three categories were obtained from the
2018 land use cover in the watershed [56], and used to calculate the RUSLE C-factor in line
with the European level assessment [57,58] and the Blue Energy Mechanism implemented in
two different watersheds use for hydropower in Colombia [47]. To represent the magnitude
and variability of the LAI associated with each LULC category, data captured by the NASA
MODIS (Moderate Resolution Imaging Spectroradiometer) sensor were used, specifically
version 006 of the MCD15A3H product [59] as well as the quality layer FparLai_QC.
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Table 5. Input data to SIGA-CALv1.0 modeling framework.

Data Format Description

Raster

Digital Elevation Model
Flow direction map

Flow accumulation map
Sand, silt and clay fraction in soil

Soil depth and organic matter fraction
Soil cohesion and angle of repose

RUSLE erodibility and cropping practice factors
Subterranean water interchange rate

Paramo areas
Level 3 CORINE LULC map

Integer id representing nitrogen, phosphorus and total
coliforms loads and their annual variations

Environmental flow demand map
Integer code representing a LULC transition from a base line

to a desired final state according to the NbS portfolio
Integer code representing the NbS intervention priority of

each pixel

Vector Parcel of land owned by a single person or entity in the
watershed

Text file
Water diversions
Point waste loads

Given the lack of survey data at the field scale, nonpoint loads for nitrogen, phos-
phorus, and total coliforms were assigned based on the LULC classes in the watershed,
taking into account available published information of load values per hectare and per
year [60]. The information used for each LULC in the modeling exercise can be found in
the Supplementary Material S4.

2.8. Model Calibration and Validation

SIGA-CALv1.0 does not have an automatic calibration module. Instead, a semi-
automatic and supervised calibration procedure was carried out following a sequential
calibration for landcover phenology, streamflow, sediments, and water quality. Most
parameters are set regionally by a calibration or correction factor [19], which amplifies or
reduces the spatialized parameter baseline values obtained from the input data. This makes
the set-up phase highly sensitive and therefore underscores the importance of collecting
representative spatial data. Table 6 refers the set of calibration factors corresponding to
each of SIGA-CALv1.0′s models.

To calibrate streamflow the discharge record at the BP-2 stream gauge (see Figure 4)
was split to enable calibration during the period 2018–2021 and a temporal validation for
the period 2015–2018. This calibration was conducted using Monte Carlo simulations, with
the first year of data utilized as a warm-up period. Model performance was assessed using
the Nash-Sutcliffe efficiency (NSE), and water storage in the lower tanks (tank 3 and tank
4) was supervised to avoid continuous water accumulation. This supervising measure was
implemented to prevent long-term simulation trends in streamflow, which can occur even
with well-performing parameter sets (NSE > 0.5) due to equifinality issues. CuencaVerde’s
special interest in streamflow regulation in relation to NbS implementations necessitated
special attention being paid to this component.
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Table 6. Main SIGA-CALv1.0 parameters for calibration.

Process Calibration Factors Description

Phenological model a

Maximum and minimum LAI for each CLC class
represented

Total heat units required for plant maturity
Fraction of heat units accumulated on a given

date
Soil humidity contents factors

Temperature limits that contribute to vegetative
development

Hydrological model

Vertical precipitation depth
Horizontal precipitation depth

Maximum leaf storage
Maximum capillary storage

Maximum gravitational storage
Subsurface permeability

Groundwater permeability
Subsurface exchange permeability

Hillslope flow velocity
Subsurface flow velocity

Groundwater flow velocity
Instream flow velocity

Sedimentological model

Hillslope sediment transport capacity
Stream sediment transport capacity

Bank erosion
Sediment supply disaggregation factor

Landslide model Soil cohesion and friction angle

Water quality

BDO Oxidation rate

DO Reaeration model
Reaeration factor

Nitrogen forms

Nitrogen load factor on hillslopes
Plant nitrogen uptake rates

Nitrification rates from organic nitrogen to
nitrites

Nitrogen forms settling velocity

Phosphorus forms

Phosphorus load factor on hillslopes
Phosphorus mineralization rates
Phosphorus immobilization rate

Plant phosphorus uptake rate
Organic/Inorganic phosphorus sorption

Organic phosphorus hydrolysis
Phosphorus forms settling velocity

Total coliforms
Total coliforms load factor on hillslopes

Growth and die-off bacteria ratesSediment
fraction adsorption

Temperature Temperature correction factors
Note: a Calibrated parameters are absolute quantities instead of correction factors.

In contrast with streamflow, sediment and water quality data are available only
for periodic surveys carried out twice a year. Therefore, calibration was performed by
comparing and minimizing the deviations between the observed and simulated samples for
those specific surveyed days at high (H), medium (M), and low (L) watercourse positions
along the Piedras River, for the entire calibration period. A t-test to compare simulations
and observations was used as a performance criterion. A spatial validation was performed
for the water quality stations along the Buey River.
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Since Monte Carlo simulations were performed for both streamflow and water quality,
parameter sensitivity was assessed from dot plots for the relationship between objective
functions and the corresponding parameter values across the entire Monte Carlo run [61].
The GLUE (Generalized Likelihood Uncertainty Estimation) method was employed to
estimate confidence intervals at the 95% level [62,63]. Refer to Supplementary Material S5
for further detail.

3. Results and Discussion
3.1. NbS Spatial Allocation

The spatial distribution of the potential portfolio of NbS implementations is shown in
Figure 5. NbS interventions that maximize the ∆LAI parameter to promote the best possi-
ble water quality outcomes were chosen. It is worth mentioning that selecting interventions
based on shorter establishment times resulted in only marginal outcomes. Nonetheless,
given the relevance of establishment time in performing simulations to assess the expected
outcomes of NbS interventions, we encourage WIPs and stakeholders to promote mon-
itoring LULC temporal evolution in those areas where NbS are implemented for future
analyses.
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For the specific portfolio obtained, NbS with higher implementation potential include
best livestock practices, conservation, and passive restoration; this reflects current practices
being implemented by CuencaVerde in its area of influence. More active strategies, such
as nucleation and enrichment planting, which had previously been implemented less
due to the lack of surrounding patches with high functional vegetation density, are also
recommended.

3.2. SIGA-CALv1.0 Calibration

The phenological model was calibrated for CLC classes at level two since level three
categories did not allow for the filtering of a representative spatial sample within the study
area. Figure 6 shows the calibrated times series in the period 2003–2018 against the MODIS
filtered data. Except for permanent crop (CLC class 22), the remaining level two CLC
classes have an NSE higher than 35%, reaching values of 54% for pastures (CLC class 23).
The poor statistical performance for permanent crops is mainly due to the lack of data as
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only five cells were found for this CLC class within the basin. It should be noted that, for
all coverages, calibration was made using 1-year warming periods.
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logical SIGA-CALv1.0 model.

An additional aspect to highlight in the simulated series in Figure 6 is the fact that
they not only adequately represent the oscillations for the CLC classes, but also exhibit
variability between different series minima and maxima, demonstrating how the model
captures the variability present in the MODIS series. The set of calibrated parameters can
be found in Supplementary Material S6.

Figure 7 shows the simulated streamflow after the calibration procedure, for which
the performance criteria was close to 50% for both the calibration (2018–2021) and the
validation periods (2015–2018). The corresponding baseflow simulation is also shown.

Also shown are the water storages (S0 to S4), which were also supervised during the
calibration process to avoid any long-term trends, which would have negatively affected
model usability for long-term simulations. Instead, we found a pattern for those variables
after calibration, which is aligned with the rainfall regime that acts as the main input of
water into the basin. Despite the spatial validation at the BP5 stream gage reflecting a
reduction in model performance (35.2%), streamflow simulation exhibits consistency for
medium and low discharge magnitudes when compared with observations. Deviations
for the higher values are due to both the inherent uncertainty structure and temporal
resolution of the model, and the fact that the rain gauge network available does not capture
storm events, which are likely to explain some extreme discharge events observed in the
BP5 record.

Box plots for observed and simulated values of water quality determinants are shown
in Figures 8 and 9 for the rivers Buey and Piedras, respectively. The concentration of most
determinants is within the same magnitude as the observed data; however, the primary
limitation of the simulation lies in the simulated variability. Simulated mean values for
dissolved oxygen tend to be lower than observed values; this is likely controlled by the
saturation threshold in the model since it is not a variable subject to calibration even if
reaeration rate rises. Electrical conductivity, assigned in the model as diffuse contributions
from hillslopes, led to simulated values of similar magnitude to the mean observed values
along the Buey river. However, the absence of data on point source pollution in urbanized
upstream areas of the Piedras river basin may have contributed to significant deviations
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along this watercourse, for which observed data also show a downstream concentration
decline due to assimilation through dilution. Total phosphorus, obtained from the inorganic
and organic simulated contributions, as well as nitrates, also tend to be lower than observed
values, but this case is more likely related to laboratory detection limits, which truncate the
reported values used as observed data. Water temperature and total coliforms simulations
perform well for high (H) and medium (M) sites, but they exhibit more notable deviations
in the lowland (L) sites. Conversely, total suspended sediment exhibits higher deviations
for the high (H) monitoring sites but simulated and observed box plots are closer in
the other sites. The total suspended sediments variable was also used to make regional
comparisons with the long-term sediment yield at different monitoring sites located in the
same hydrological province from the National Hydrological Center network [64]. Figure 10
shows this result, where it is clear that the mean estimations along the control points in the
basin follow the expected regional trend using the watershed area as the scaling factor.
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Figure 8. Water quality and sediment calibration in high (H), medium (M) and low (L) sites along
the Buey river. The upper whisker for box plots is determined by the minimum of either the highest
value in the series or the value corresponding to (Q75 + 1.5IQR). Similarly, the lower whisker is
determined by the maximum of either the maximum of the series or (Q25 − 1.5IQR). Gray diamonds
represent values that are either above or below the upper or lower whisker, respectively.
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in Section 3.1, the metric 𝛿௣௔௥௖௘௟∗  was obtained using the calibrated model and the 

Figure 9. Water quality and sediment calibration in high (H), medium (M) and low (L) sites along the
Piedras river. The upper whisker for box plots is determined by the minimum of either the highest
value in the series or the value corresponding to (Q75 + 1.5IQR). Similarly, the lower whisker is
determined by the maximum of either the maximum of the series or (Q25 − 1.5IQR). Gray diamonds
represent values that are either above or below the upper or lower whisker, respectively.
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Figure 10. Regional comparisons for suspended sediment yield simulations after calibration, with
mean values available in monitoring sites in the same hydrological province. Dotted line represents
the general trend corresponding to the regional available data.

It is worth noting that the current SIGA-CALv1.0 structure is based on calibration
factors that modify the entire simulation area, but local deviations arising from factors such
as input data uncertainty and spatial resolution limitations can limit the effectiveness of
this calibration procedure. To overcome this limitation, some distributed models adjust
parameters within specific focus areas when results do not align well with the entire region.

3.3. Priority Management Areas

To achieve relevant and achievable outcomes linked to the NbS portfolio suggested in
Section 3.1, the metric δ∗parcel was obtained using the calibrated model and the configuration
of two primary scenarios. First, a baseline scenario was set, based on the most recent
CLC map available (year 2020) [65]. Next, a full-intervention scenario was considered,
corresponding to the CLC that could be achieved if the entire potential NbS portfolio is
implemented throughout the basin, using the information on LULC transitions associated
with NbS implementation presented in Table 4. Figure 11a shows the priority order
of parcels for NbS implementation by the WIP, with each parcel being assigned a value
according to the metric δ∗parcel to reflect its relative importance for achieving water objectives.
The purpose of this prioritization analysis is to support CuencaVerde’s future decision
making regarding NbS interventions (e.g., where to intervene). However, it must be
noted that this prioritization is based solely on biophysical analysis of water outcomes;
additional WIP objectives, such as biodiversity protection, greenhouse gas sequestration,
and socioeconomic improvement may also influence prioritization in practice.

Figure 11b shows both cumulative and avoided loads for nitrogen, phosphorus, and
suspended solids, as well as the contributions to baseflow resulting from NbS implemen-
tations. The cumulative value given by Equation (2) is also shown, which suggests that,
as NbS is implemented in more parcels (area), the expected responses improve naturally.
However, the slope of the curve gradually becomes smoother as the restored area increases
reaching a threshold area denoted as A∗. This suggests the existence of an implementation
limit beyond which additional implementations deliver marginal outcomes. This pattern
could give insights regarding WIPs’ goals definition regarding primary services related
with water quantity and quality (notwithstanding WIPs’ broader objectives as noted above).
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Figure 11. (a) Priority of intervention at the parcel scale, and (b) cumulative avoided deliveries of
nitrogen (δ∗i−N ), phosphorus (δ∗i−P), total coliforms (δ∗i−EC) and sediment (δ∗i−TSS) loads, and expected
water movements in the soil column which contribute to base flow (δ∗i−BF).

3.4. NbS Intermediate Scenarios and Metrics Evaluation

One of the focal points of our work involved simulating baseflow to assess the flow
regulation resulting from on-surface NbS implementations. Given the explicit representa-
tion of such a process, a direct baseflow estimation is obtained instead using a baseflow
separation technique as a surrogate. The baseflow index (BFI) suggested by [66] and
given by Equation (4) is proposed for aggregating this variable into a single value to make
comparisons between simulation scenarios.

BFI =
1
N ∑

T

QB
Q

(4)

The estimated annual mean load at basin outlet, which is determined by Equation (5),
was used for nitrogen, phosphorus, and total suspended solids. In this equation, Qt
represents the simulated daily mean flow; ct represents the daily mean concentration
of nitrogen, phosphorus, or total suspended solids; and N represents the number of
simulated days within the simulation period, T. For total coliforms, the annual mean value
of the simulated number of individuals was used. These metrics align with the WIP’s
(CuencaVerde) monitoring and evaluation plan.

W =
1
N ∑

T
Qtct (5)

In addition to the baseline and full-intervention scenarios, three intermediate simula-
tion scenarios were configured representing different percentages of NbS intervention area
(i.e., the percentage of the total area of interest to have NbS implemented in it), based on the
parcel-scale prioritization. This scenario evaluation is similar to the approach used by [67]
to assess the impact of NbS on baseflow and sediment load in the Pipiripau River basin in
Brazil, using the SWAT model. The intermediate scenarios correspond to 20%, 50%, and
80% of the potential area being intervened in, as illustrated in Figure 12. These percentages
were established based on the cumulative δ∗parcel approach to define representative values
both above and below the threshold A∗.
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Figure 12. Intermediate NbS intervention scenarios for analysis.

Water quality and quantity metrics for the intermediate scenarios as well as for the
reference baseline and full-intervention scenarios are shown in Figure 13. Results sug-
gest only marginal changes in baseflow, with a slight decrease despite the increase in
evapotranspiration rates due to improvements in vegetation cover (greater interception
and transpiration). This outcome implies a general maintenance of baseflow despite the
additional water losses through evapotranspiration, as also found by [68] who showed,
using both SWAT and HEC-HMS simulations, that NbS implementation contributes toward
promoting water recharge.
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Our modelled findings are also similar to studies conducted by [8] using data from
312 watersheds worldwide, and with the compilation of published data regarding associa-
tions between land cover and hydrological metrics conducted by [69], which, in general
terms, suggest an increase in the average streamflow as degradation (deforestation) in a
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watershed vegetation cover occurs and a decrease in this hydrological metric as vegetation
cover improves (reforestation). This is shown in Figure 13 for the different intervention
scenarios defined. It is worth noting that the observed trend in the average streamflow
showed, as shown in Figure 13, is a consequence of the reduction in both the average
annual maximum and minimum flows obtained from our daily simulations. The work
by [8] also highlights that the response of annual mean streamflow to land cover changes
(reforestation or deforestation) is determined not only by the magnitude of the land cover
change but also by the climatological properties of each watershed, its flow regime, and
the type of forest. Additionally, the work by [8] found that watersheds exhibiting higher
sensitivity of annual mean streamflow to land cover change (whether reforestation or defor-
estation) are those characterized by a higher potential evapotranspiration to precipitation
ratio. According to the National Water Study [64], the watershed analyzed herein is in
regions with moderate to high water excess, which could also explain the small changes
observed in the hydrological assessment metrics for the scenarios.

In contrast to water yield, there is a clear decline in nonpoint loads contributions as the
implemented area increases, particularly in the case of total suspended solids and nitrogen.
However, as anticipated by the cumulative form of the metric δ∗parcel , full NbS intervention
in the watershed is not necessarily required to achieve a significant reduction in load
contributions to the basin outlet, due to decreasing marginal improvements per additional
intervention at higher intervention percentages. This finding highlights the advantage of
supporting WIPs with modeling strategies that enable stakeholders to establish relevant
intervention goals in terms of expected water services.

The results obtained in the Arma River basin under the full-intervention scenario
(100%) (see Figure 13), show that a significant reduction is achieved in different water
quality determinants: 47% in sediments, 62% in nitrogen, 8% in phosphorus and 15% in
total coliforms. Figure 13 shows how, as the level of NbS intervention in the basin increases,
the reduction of these indicators stabilizes, reaching an asymptotic point. This means
that, given some economic constraint (total investment amount), an optimal level of NbS
intervention to achieve the maximum benefit can be found. In the specific case of the Arma
River basin, this optimal intervention point is in a range between 50% and 80% of the
whole area that can be implemented through NbS. Within this range, the water quality and
quantity objectives proposed for the basin are satisfactorily met. The estimated reductions
in this range are between 18.7% and 37.9% in sediments; 45.1% and 59.2% in nitrogen; 6.4%
and 7.9% in phosphorus; and 12.3% and 14.6% in total coliforms. It should be noted that
the approximation given by the threshold area A∗, represents 47% of the NbS portfolio.

In addition, it is necessary to further characterize the diffuse loads applied to the
hillslopes due to the sensitivity of nutrients and total coliforms to them during model
fitting. This would allow for a more complete understanding of these loads, allowing the
decoupling of their estimation from their definition only in terms of LULC classes.

These results contribute to informed decisions on watershed management in the Arma
river basin WIP.

4. Conclusions

This paper describes the SIGA-CALv1.0 tool and its underlying modeling framework.
The distributed structure of the tool, based on pixels, and the daily temporal scale of its
processes, enable the configuration of simulation scenarios, which can be used by decision-
makers to define watershed investment programs guided by SMART objectives. Specific
nature-based solutions were defined as a function of the expected land cover transformation,
and spatially allocated based on decision rules derived from changes in LAI (Leaf-Area
Index) and ∆T (establishment time). The extent of the intervened area and the spatial
prioritization for NbS intervention (relevant and achievable objectives) were determined
using the tool’s results for the baseline and the full-intervention scenarios. Furthermore,
the SIGA-CALv1.0 tool allows the obtention of measurable water quantity and quality
indicators aligned with WIP monitoring programs or other intervention mechanisms.
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It is worth noting that the strategy used to determine the priority order of parcels for
NbS intervention within SIGA-CALv1.0 is based on the expected effects on the watershed in
terms of a range of water quantity and quality variables. WIPs may in practice also consider
other factors related to different ecosystem benefits such as greenhouse gas sequestration,
landscape connectivity improvement, or increased biodiversity, which are of interest to
certain stakeholders and funders.

Although the overall simulation settings here presented were temporally stationary,
SIGA-CALv1.0 is also capable of assessing temporal trends in water quantity and water
quality while considering external factors such as new river water diversion, point waste
loads (either legally or not legally constituted) and LULC changes as deforestation and
expansion of intensive livestock operations.

Further improvements to the tool are a future priority. The supervised calibration
process is time-consuming and should be standardized across the tool’s models. More-
over, SIGA-CAL v1.0 should allow for local calibration to overcome deviations driven by
input data uncertainty, data scarcity, or spatial resolution. Additionally, the availability
of monitoring networks for essential variables such as precipitation is not always guar-
anteed; therefore, it may be worthwhile incorporating remote sensing products as input
data. Improvements are currently underway: for example, enhancements are being made
to SIGA-CAL v1.0’s water quality model to enable the inclusion of monitoring stations as
boundary conditions to compensate for the lack of data on point source loads that have
not necessarily been identified in the territory (e.g., by the corresponding environmental
agencies).
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