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Abstract: Globally, ecosystem services face significant degradation due to land use and
land cover change (LULC) driven by human development. Despite numerous habitat
quality assessments, comprehensive studies in high-mountain equatorial region basins
remain scarce. This research addresses assessing habitat quality in Ecuador’s sub-basins of
the Aguilan and Tabacay Rivers, with projections extending to 2050. This study considered
anthropogenic threats and examined two land use change scenarios. The “Integrated
Valuation of Ecosystem Services and Tradeoffs” (InVEST) model was used for the evaluation.
A habitat quality index (HQI) was developed and categorized into five classes. The results
showed that in 2018, over 50% of the study area had medium, high, and very high habitat
quality levels, partly due to implementing policies, such as Reciprocal Water Agreements,
developed by local initiatives. However, future projections suggest a declining trend,
particularly in urban and cropland areas, highlighting the need to reinforce proactive
policies. The findings of this study contribute to addressing existing gaps in habitat
quality research in high-mountain regions, providing key scientific evidence to support
conservation strategies, land use planning, and watershed management.

Keywords: habitat quality; InVEST model; Equatorial Andean basin; ecosystem services;
conservation policy

1. Introduction

Natural ecosystems are crucial for the well being and survival of humanity, sustaining
life on Earth. These ecosystems provide essential benefits, known as ecosystem services
(ES), which include direct and indirect contributions to human well being. These services
support the livelihoods of thousands of individuals worldwide, providing sustenance, like
food, wood, seeds, water purification, soil conservation, air quality, flood mitigation, and
soil protection, among others [1,2]. Furthermore, ES can be categorized as provisioning,
cultural, regulatory, and support services [3]. Understanding the significance of these ES is
paramount for conserving natural resources. Nevertheless, human activities increasingly
impact ecosystems, leading to significant challenges in recent years.
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Although there are many studies on ecosystem services and habitat quality, their
application in the Andean regions of Ecuador was given little attention. These regions
are susceptible to anthropogenic pressure and climate change [4], which requires a better
understanding of their dynamics and their relationship to land use.

Increasing anthropogenic activities, such as expanding urban areas, mining, and exces-
sive grazing, among others, exert pressure on the ecosystem. These activities cause land use
and land cover change, leading to biodiversity loss and declining their ability to provide
ecosystem services [5-7]. These impacts are further intensified by phenomena such as cli-
mate change. Land use categories of high ecological importance, such as forests, grasslands,
and water bodies, suffer from the deterioration of their ecological functions [8-10]. In this
context, a fundamental indicator for ecosystem processes and evaluating their biodiversity
is habitat quality (HQ) [11-13].

HQ is defined as the capacity of an ecosystem to supply elements required for the
survival and reproduction of individuals [14-16]. However, human activities, particularly
alterations in land use and land cover (LULC), significantly modify the natural envi-
ronment, thereby, the HQ [17,18]. In particular, the expansion of urban areas and the
conversion of forests to croplands increases the degradation of the quality of biological
habitat [19,20]. In addition to disrupting ecological connectivity, these activities lead to in-
creased fragmentation and reduced quality of these spaces, often resulting in their outright
extinction [21,22]. As a result, the assessment of habitats plays a pivotal role in advancing
ecological conservation efforts.

Various ecological models have been developed to assess habitat quality and support
conservation efforts. These include (i) Artificial Intelligence for Ecosystem Services (ARIES),
(ii) Social Values for Ecosystem Services (SoIVES), (iii) Multiscale Integrated Models of
Ecosystem Services (MIMES), and (iv) Integrated Valuation of Services and Ecosystem
Tradeoffs (INVEST) [23,24]. ARIES is used to evaluate services and value them spatially
but is not practical in measuring changes over time [25,26]. On the other hand, SolVES
is intended to map and analyze information collected in social surveys [27,28]. MIMES
facilitates the spatial assessment of ecosystem services at multiple scales and contexts [29].
Nevertheless, In'VEST stands out as a widely adopted tool for evaluating habitat quality
worldwide, thanks to its user-friendly interface, visual representation capabilities, and
strong, well-established theoretical foundation [30,31].

As mentioned, InVEST is globally recognized for its advantages, including precise
measurements, reduced application costs, and minimal input data requirements [32,33].
The InVEST Habitat Quality model establishes a nuanced relationship between the suit-
ability of various land covers and the threats they face. It utilizes land use data to assess
habitat quality, considering factors such as distance, importance, and sensitivity of habi-
tats to ecological threats, like croplands, roads, construction zones, and other land uses
significantly impacted by human activities [34,35]. The scientific endorsement of InVEST’s
application in HQ assessment has far-reaching implications, shaping essential land use
management strategies and biodiversity preservation [11,32]. This feature is particularly
relevant in regions with high biodiversity, such as the Andean region, where habitat quality
is crucial for maintaining ecological balance [36,37]. In recent years, this tool has been
approached from multiple perspectives, ranging from its application in urban landscapes
to its analysis at the watershed level [38—40] to improve the quality of the habitat and, in
this way, contribute to the conservation of biodiversity. It has also been used in future
assessments according to climate projections and development patterns, providing valuable
references for subsequent decisions in the ecological management of natural areas [41].

Natural areas, particularly in the Andean region, are distinguished for their remarkable
biodiversity. The habitat quality for plant and animal species is crucial [42,43]. In Colombia,
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there is a highlighted emphasis on conserving forests in areas of high bird diversity in the
Andes as part of comprehensive restoration planning at the regional level [44]. These areas
also support fundamental ecological processes, including seed dispersal, food availability,
and population regulation through predation [43,45]. Recent studies on Ecuadorian Andean
rivers point out the sensitivity of macroinvertebrates to changes in habitats and land
use [46]. In terrestrial ecosystems, species such as mammals show greater diversity and
abundance in intact forests, illustrating the impact of anthropogenic pressure in these
spaces [47,48]. Consequently, preserving the rich biodiversity and valuable ecosystem
services that characterize this unique region is imperative.

In this research, the habitat quality module of the InVEST software was used to
evaluate the condition of the sub-basins of the Aguildn and Tabacay Rivers, located in
southern Ecuador. This analysis was conducted, considering threats of anthropogenic
origin, within the framework of two change scenarios spanning the years 2030, 2040, and
2050, which will not only allow the identification of areas at risk of deterioration but also
contribute to the preservation of the most critical ecosystems. Therefore, the results of
this study have direct applications for researchers, environmental planners, and decision-
makers of public order.

Knowing future land use patterns and habitat quality is essential to understanding
their dynamics and generating management policies and strategies to preserve the ecolog-
ical environment. For this reason, this study also represents an innovative contribution
to science and environmental management by integrating future projections and spatial
models to safeguard biological diversity in the Ecuadorian Andes.

2. Materials and Methods
2.1. Study Zone

The Aguilan and Tabacay River sub-basins, part of the Paute River basin, cover an
area of 8642.96 ha and are located in the rural regions of Aurelio Bayas and Guapéan
Parishes, within the Azogues Canton, situated in the Province of Cafiar, southern Ecuador
(Figure 1). These sub-basins lie within an altitudinal range of 2480 to 3760 m.a.s.l. The
region experiences an average annual precipitation that decreases from 1115 mm in the
upper region (Llaucay) to 876 mm in the lower area (Guapén). Additionally, temperatures
remain relatively low, ranging between 9 and 11 °C [49]. Several streams contribute to
the hydrology of these sub-basins, including the Llaucay, Nudpud, Condoryacu, Rosario,
Mapayacu, Rubies, Corazén Hurco, and Bermejos streams, which play a crucial role in the
region’s water dynamics.

In the sub-basins of the Aguildn and Tabacay Rivers, to the northwest lies the Cubildn
Protected Forest, covering an area of 1078.51 ha. It hosts various animal and plant species,
predominantly native plants, and has several natural resources, such as water [50]. These
indigenous floras are crucial to the region in maintaining the ecosystem’s delicate balance.
Notable plant species include Oreopanax argentatus, Bidens andicola, Monticalia vacciniodes,
Franseria artemisoides, Jungia cf. Rugosa, Vallea stipularis L.f., Myrica pubescens Humb &
Bonpl. Ex/Willd, Macleania rupestris (Kunth.) A.C.Sm., Hesperomeles ferruginea Benth,
Calamagrostis intermedia (].Presl.) Steud, Puya clavaherculis, and Polylepis, which are are
traditionally utilized for firewood, wood, forage, and medicinal purposes [51]. The area
also hosts various fauna at different altitudinal levels, including Odocoileus virginianus,
Sylvilagus andinus, Puma concolor, Lycalopex culpaeus, Tyto alba, Patagioenas fasciata, Lesbia
nuna, Falco peregrinus, Turdus fuscater, Zenaida auriculata, Aglaeactis cupripennis, Eriocnemis
luciani, Ampelion rubrocristatus, and Mazama rufina, among others [51].

The plant and animal species inhabiting the Tabacay and Aguildn River sub-basins
could face significant future threats if their habitat quality deteriorates. This issue could
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be caused by various human activities, such as deforestation, urbanization, agriculture,
pollution of water and air, and the introduction of invasive species.
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Figure 1. Geographical placement of the Aguilan and Tabacay River sub-basins.

2.2. InVEST Model for Habitat Quality Modelling

Various methodologies exist for evaluating HQ. Among them, the InVEST tool was
chosen for this study due to its holistic framework and ability to generate detailed insights
into habitat health and diversity. This model enables us to assess the impact of land
cover dynamics on these sub-basins, helping to identify critical areas for preservation and
promote sustainable management strategies.

Developed by the Natural Capital Project, the InVEST model evaluates and maps
ecosystem services, reports on ecosystem management, and analyzes the potential conse-
quences of different management approaches and climate changes. It operates through
a grid-based approach and consists of modules classified into three categories: support
services, final services, and tools to facilitate ecosystem services analysis. The model’s
simplicity and low data requirements make it suitable for a wide range of applications,
including use for non-specialists [35].

The habitat quality module was selected for the study because it can assess the rela-
tionship between land use/land cover and biodiversity. This module analyzes spatial maps
and identifies the threats associated with different land uses [52]. In addition, it enables
the investigation of changes in habitats over time. For instance, [53] applied the model to
compare HQ in various regions of Xinjiang and the projected future trends between 2018
and 2035, which shows the benefits of the model when predicting changes in the long-term
biodiversity under various country-use scenarios. Studies on the quality of the habitats
were mainly carried out on small and medium scales [40,54-56], which is relevant for this



Earth 2025, 6, 10

50f18

specified study because the analysis focuses on a small sub-basin. In addition, the absence
of previous assessments in this area justifies the IN'VEST model’s application, as it provides
a suitable approach for estimating spatiotemporal habitat dynamics and generating key
information for conservation and management efforts.

The habitat quality module processes raster-based LULC data, classifying each grid cell
into different categories. These classifications range from general types, such as “forests”,
to particular subtypes, such as grassland types. A key feature of this module is its flexibility,
allowing users to define which LULC categories qualify as habitat. The model supports
binary and continuous evaluation approaches. In the binary approach, specific LULC
categories are designated as habitats (e.g., unmanaged areas), while others are excluded
(e.g., managed or degraded regions). In contrast, the continuous approach assigns a habitat
quality score ranging from O to 1 based on species compositions or groups of interest,
enabling a more nuanced evaluation of habitat quality.

Beyond LULC data, the module requires information about threats, including frag-
mentation and anthropogenic degradation. These threats are represented as raster data, in
which each cell indicates the presence of the threat (1 = present, 0 = absent). This threat
classification provides a metric to assess human-induced adverse effects on habitat qual-
ity. The module can also incorporate other factors, such as road networks or croplands,
offering a comprehensive understanding of how human activities interact with ecosystem
biodiversity.

Within this module, all mapped threats must have the same scale. For example, as
indicated [35], if a threat is measured in density per grid cell, all sources of degradation
must be calculated at the same scale, or if a threat is represented as presence or absence on
amap (1 and 0, respectively). Then, all threats must be mapped to the same scale.

The impact of threats within the habitat is affected by four factors, which are de-
tailed below.

The relative impact of each threat represents the concept that specific threats exert
more significant detrimental effects than others. This distinction is quantified through a
rating system that evaluates and compares their respective levels of impact. For example,
dams can be regarded as three times more harmful to aquatic ecosystems than deforestation,
or the expansion of roads and highways can have twice the negative impact on habitat
quality compared to moderate urbanization.

The impact of threats on habitat decreases as distance from the source of degradation
increases; cells closest to threats experience more significant consequences. The rate of this
decline in space can follow a linear or exponential function, and the impact of the threat on
a grid cell is calculated according to Equations (1) and (2).

d
Iy =1— ( il > if linear @)
r max
2.99
irxy = exp (— ( i ) dxy> if exponential (2)

where dy, is the linear distance between cells x and y, while d, is the maximum effective
distance that threat r can reach in the area.

The third factor assesses habitat threats, considering legal, institutional, social, and
physical protection in grid cells. The model evaluates formal protection, altitude-based
inaccessibility, and openness to disturbances. Higher protection reduces threat impact,
indicated by By € [0, 1] for accessibility. Decreasing accessibility linearly diminishes threat
impact. While legal/institutional /social / physical protections generally reduce the effects
of extractive activity, they may not fully shield against pollution or habitat fragmentation.
If the mitigations for threats are not implemented or effective, the input should be ignored
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or set to B, = 1 for all grid cells. Specific habitat suitability ratings require species group-
specific threat mitigation weights.

1. Finally, the model uses the sensitivity of the habitat type to threats to calculate the
degradation in a cell (S;, that varies between 0 and 1). Values close to 1 indicate
greater sensitivity. This specific sensitivity for the species group is based on ecological
principles for conservation.

The total threat level in a given grid cell that has an LULC or habitat type j is given by
Equation (3) as follows:

R Y,

w )

Dii=) ). <ZR - )Vylrxyﬁxsjr (3)
r=1 y:] r=1 Wy

7o

where “y” refers to the grid cells of the raster map of

07
r

, while “Y,” indicates the cells of

7o
r

the raster map of “r”. Additionally, the threat weights must be normalized so that the sum
of all threat weights equals 1.

A half-saturation function is used to obtain the habitat quality value for a particular
cell, which requires the determination of the half-saturation value. As a grid’s degradation
rating increases, habitat quality tends to decrease. The habitat quality in plot x, located in

LULG;, can be represented by Q,; (Equation (4)) as follows:

(1~ (o 7))
5= Dy + K

where Q,; denotes the habitat quality of type j at point x, H; is the habitat suitability of land
use j, Dx]- denotes the total threat level of grid x at habitat type j, z is the parameter by flaw,
and k is the semisaturation constant (with a default value of 0.5).

The InVEST model supported a series of fundamental factors to determine the quality
of the habitat. These factors were the evaluation of the impact of the threat in each land
use category, the determination of the maximum distance of influence of said threat, and
the assessment of the habitat’s sensitivity to this specific threat. The numerical values
for these factors were derived from a comprehensive review of the scientific literature,
which included previous studies by [12,39,40,57]. In addition, the availability of empirical
information and the knowledge provided by local experts through in-depth interviews
were considered.

2.3. Input Data for the Model
2.3.1. Land Use and Land Cover (LULC)

Land use and land cover data provided by the Ministry of the Environment, Water
and Ecological Transition of Ecuador (MAATE) for 2018 were used for this study. The
classification methodology used is detailed in [58]. In addition, projections of land use
changes were made for two scenarios: one based on current trends and another pessimistic
for 2030, 2040, and 2050 (Figure 2). These projections were incorporated into the InVEST
model. The trend scenario considers population growth of 1.56%, along with the trends
observed in changes in land use between 2014 and 2018. On the other hand, the pessimistic
scenario assumes a population growth of 5.83%, the discontinuation of the Protective Forest
Cubilén, and the transformation of existing trails in the study area into gravel roads.



Earth 2025, 6, 10

7 of 18

(@)

(@)

%ﬁ‘ 1 [ ] wooded Grassland
“} - ‘. i ,J'?f, l:] Cropland
-},';34 b’)" A I:l Open Shrubland
o ‘})ﬁj 5 [ urban and Built-Up
t}\s ‘i?’ ~L = [ ] wetland 0 4 s 16 km
. ‘3 I wixed Forest | | ] ! ]
Y

Figure 2. Distribution of land use types in the study area for various scenarios: (a) 2030, (b) 2040, (c)
2050 (trend scenarios); (d) 2030, (e) 2040, (f) 2050 (pessimistic scenarios); and (g) 2018 (base scenario).

These land use changes reflect significant dynamics in the area, whose recent trends
allow for the projection of future scenarios with important implications for forest cover,
urban areas, and water bodies. Between 2014 and 2018, the examination area recorded
significant changes in land use. The forest cover took back 4.4%, while the urban areas
rose 7% and cropland 2.3%. In contrast, the water bodies suffered a reduction of 9.4% in
2016 and 15.6% in 2018. Forecasts for the pessimistic scenario show that the urban surface
will almost double by 2030 compared to 2018 and triple it three times by 2050. In addition,
forests will experience the most significant loss, with a reduction of 62.6% in 2030 and 73.4%
in 2050 [49].

Land use projections were made using Dinamica EGO version 7.1.1, software for land
use change modeling based on cellular automata algorithms that uses weighted evidence
of various biophysical and socio-economic variables as drivers of change. For a more
elaborate description of the methodology, please refer to [49,59].

2.3.2. Thread and Sensitivity Factors

Cultivated land and urban areas were identified as the main threats to the habitat in
the study area. This determination was obtained through careful analysis of the previously
collected data and consideration of the scientific literature [49], as well as the qualitative
contributions of the experts consulted.

The determination of numerical values for these factors was based on a thorough
analysis of the scientific literature, drawing on findings from previous studies [12,39,40,57].
Furthermore, empirical data availability and expert knowledge obtained through detailed
interviews with local specialists were also considered. These threat factors were selected
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due to their significant impact on habitat quality. In Tables 1 and 2, you can see the
assignment of weights and distances of the threats present in the study area, as well as the
sensitivity of the different land uses to the various threat factors.

Table 1. Assignment of weight and maximum distance of the influence of threat factors.

Threats Maximum Distance (km) Weight Spatial Decay Type
Cultivated land 2.0 0.7 linear
Urban land 1.0 1.0 exponential
Table 2. Sensitivity of different land types to hazard factors.
Habitat Suitabil Threats
abitat Suitabilit
Land Use y Cultivated Land Urban Land
Wooded grassland 0.8 0.4 0.7
Cropland 0.6 0.2 0.5
Open shrubland 0.1 0.1 0
Urban and built up 0 0 0
Wetland 0.9 0.5 0.8
Mixed forest 1.0 0.7 0.6

2.3.3. Habitat Quality Analysis

The evaluation of habitat quality will be conducted for the 2018 base scenario and
the pessimistic and trend scenarios corresponding to the years 2030, 2040, and 2050. This
analysis will consider the influence of factors detailed in Table 1 and assess the sensitivity
of different land uses to threats, as described in Table 2. The habitat quality index (HQI)
results will be divided into five classes, [0, 0.09), [0.09, 0.6), [0.6, 0.8), [0.8, 0.89), and [0.89, 1],
using the natural breakpoint method in ArcGIS V10.8 [60,61], representing very low, low,
medium, high, and very high, respectively. These results will be presented in maps that
categorize the index into these classes for a more precise visualization and understanding
of the spatial distribution of habitat quality.

3. Results and Discussion
3.1. Spatial-Temporal Evolution of the HQI

The assessment of habitat quality in the sub-basins of the Tabacay and Aguilan Rivers
involved an examination of land use change scenarios (trend and pessimistic) for future
periods (2030, 2040, and 2050), comparing them with a baseline scenario (2018). The
spatial distribution of the HQI during the baseline period (2018—Figure 3g) reveals that
over 50% of the analyzed territorial area exhibits HQI levels classified as medium, high,
and very high. The obtained results highlight the positive impact of protection policies
implemented in the study area by the Municipal Public Service Company for Drinking
Water, Sewerage, and Environmental Sanitation of the city of Azogues (EMAPAL EP),
utilizing the conservation mechanism known as Reciprocal Agreements for Water (ARAs
by their acronym in Spanish) [62,63].

Nevertheless, future changes in land cover and land use are anticipated to adversely
impact the study area, resulting in a reduction in high HQI levels. In the trend change
scenario (Figure 3a,c), a decrease in the HQI values is observed. This decrease, however,
becomes more pronounced in the pessimistic scenario (Figure 3d,f). Prior studies have
highlighted that modifications in land use and land cover (LULC) due to agricultural
activities in this region have led to vegetation fragmentation, causing a decline in its quality,
along with repercussions on other components, such as soil and water [49,64].
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Figure 3. Distribution patterns of the HQI across different periods and scenarios, including the trend
scenario, (a) 2030, (b) 2040, (c) 2050, the pessimistic scenario, (d) 2030, (e) 2040, (f) 2050, and (g) the
baseline period of 2018.

The HQI in the study area exhibits high and very high values (0.8-1) across all future
scenarios evaluated, with particular emphasis on the northwest region corresponding to
the Cubilan Protective Forest. As highlighted in the literature [65], this area is characterized
by paramo soils. It plays a crucial role in providing ecosystem services.

In contrast, unfavorable levels (low values of the HQI) are concentrated in the lower
part of the sub-basins, coinciding with the urban expansion area of Azogues. The pes-
simistic and trend scenarios project decreased forest and grassland coverage and increased
land designated for croplands and urban activities due to future population growth. In
these areas, a reduction in the HQI is anticipated as population density increases [66]. These
changes signify a significant transformation in the quality of natural habitats in future
projections, replaced by land uses dominated and intensified by anthropogenic activity
over the years. These results align with studies conducted globally, such as [67] in Italy, [68]
in Dongying Cities, [69] in the Yangtze River Delta region, and [52] in the Altai region of
China. In these regions, population growth and urbanization, while positively impacting
the economy, negatively affected habitat quality.

3.2. The HQI According to the Different Land Uses

In assessing habitat quality within the study area, a comprehensive analysis was
conducted to evaluate the distribution of different levels of the HQI (Figure 4). During the
baseline period (2018), the breakdown of habitat quality distribution was as follows: 4% at
the very low level, 25% at the low level, 35% at the medium level, 12% at the high level, and
24% at the very high level. These findings suggest that the sub-basins’ environmental and
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habitat conditions were favorable that year because more than half of the area has medium
or higher categories.
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Figure 4. Distribution of the HQI for each LULC: (a) trend scenario and (b) pessimistic scenario.

However, a significant trend is observed in future projections for 2030, 2040, and
2050 under both trend and pessimistic scenarios (Figure 4). There is a notable decrease
in HQI levels classified as very high, high, and medium, while the proportion of areas
categorized as low and very low exhibits a considerable increase (Figure 4b). It is essential
to highlight that the percentages of increase in the low and very low levels are markedly
more pronounced than the percentages of decrease in the medium, high, and very high
levels. Anthropogenic activities leading to changes in land use and cover patterns con-
tribute to these drastic shifts, profoundly affecting biodiversity and habitat quality [70].
This discrepancy signifies a substantial change in habitat quality towards less favorable
conditions throughout the study period.

Studies in regions with high economic development, such as the Guangdong-Hong
Kong-Macao Greater Bay Area [71], show that vegetation loss, land use change, and human
activities affect habitat quality. In the InVEST model, vegetation cover, impermeable surface,
and economic development increase habitat fragmentation. These results highlight the
need for policies that balance environmental protection and socio-economic development.

As land use intensification escalates, additional environmental threats emerge, con-
tributing to the degradation of habitat quality in the surrounding areas. Forested areas
at higher altitudes showcase commendable levels of the HQI, while lands designated for
agriculture or unused regions are characterized by poor habitat quality [9,52].

The upper zones of the Tabacay and Aguildn River sub-basins, positioned at an altitude
exceeding 3000 m above sea level, exhibit the highest HQI values, primarily attributed to
the diverse land covers such as forests, grasslands, and crop areas. Recognized by EMAPAL
EP as a region of crucial water significance, these areas serve as the origin of water sources
for Azogues’ water supply. Conversely, in the intermediate and low regions of the area,
urban and cropland use predominate. Human activities exert a more intense impact in
these zones, reducing the natural areas and declining habitat quality.

In a broader context, forested areas emerge as the primary contributors to a high HQI
in the sub-basins, as depicted in Figure 5. This land use type is consistently associated with
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a very high HQI percentage (exceeding 50%) in all considered scenarios, accompanied to
a lesser extent by high and medium levels. As land use changes intensify, a reduction in
the high HQ level and an increase in the medium level become apparent. Furthermore, a
notable decrease in the HQI is observed between the base period and 2030. This behavior
is consistent with historical data for the study area, where it is reported that forest areas
have decreased by 4.4% from 2014 to 2018; in contrast, urban and cultivated regions have
recorded an increase of 7% and 2.3%, respectively [49]. However, compared to subsequent
years, the percentage variations are less pronounced in the trend scenario (Figure 5a) than
in the pessimistic scenario (Figure 5b).
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Figure 5. Distribution of the HQI coverage for the mixed forest: (a) trend scenario and (b) pes-
simistic scenario.

When scrutinizing the HQI of grasslands, as depicted in Figure 6, it becomes evident
that during the base period (2018), over 90% of the corresponding surface under this
land cover exhibits an HQI classified as high, with less than 10% falling into the medium
category. It is crucial to emphasize that the anticipated changes in future scenarios depict
substantial reductions compared to the baseline.

In the trend scenario (Figure 6a), areas with a high HQI decrease to less than 40%,
whereas in the pessimistic scenario (Figure 6b), high HQI levels cover only 1% of the
area. These values are replaced by average habitat quality, influenced by anticipated
changes in land use (such as crops and urban areas), which are expected to develop in the
future, leading to a decline in ecological services. Similar declines are evident in the study
conducted by [30].

Additionally, these areas could undergo significant improvements if converted into
forested regions, as suggested in the study by [23]. However, it is essential to consider
other factors, such as regional suitability (whether the region possesses the appropriate
characteristics to support a specific habitat) and ecological adaptability, rather than solely
focusing on increasing surface area to ensure an enhancement in habitat quality.
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Figure 6. Distribution of the HQI coverage for grassland coverage: (a) trend scenario and
(b) pessimistic scenario.

Regarding croplands (Figure 7), during the base period (2018), it is observed that
60% of the areas have a medium HQ index, while around 40% exhibit a low index. This
land use type undergoes significant human interventions, impacting its natural conditions.
As observed in future scenarios, cropland expansion decreases habitat quality [72] and
contributes to substantial environmental damage [73]. In the InVEST model, this land cover
is considered a threat due to the ongoing intensity of expanding activities.
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Figure 7. Distribution of the HQI coverage for cropland coverage: (a) trend scenario and (b) pes-
simistic scenario.

Consequently, future projections indicate a notable increase in the low HQ index.
While this decline in HQ aligns with existing literature [52,72], it is noteworthy that in



Earth 2025, 6, 10

13 0f 18

(a)

Area (%)

1004

754

50+

254
9%

other study areas, the opposite trend occurs, as indicated by the study conducted by [68],
where cropland expansion results in an increase in habitat quality. This improvement in
HQ may be attributed to policies aimed at safeguarding both the quantity and quality
of arable land [74]. Therefore, replicating such policies in the study area in the future or
considering modifications to the existing ordinance [62], which encompasses Reciprocal
Water Agreements (ARAs) [63], could be valuable for extending protection to arable areas
and enhancing their quality.

A study in similar basins to the study area [40] reported average values in croplands
and indicated that the projected scenarios follow similar past trends. These results reduce
approximately 20% in areas with high HQI values, while regions with low HQI increase
by 11%.

Finally, concerning urban areas (Figure 8), the period spanning from 2018 to 2050 re-
veals prevailing values of the habitat quality index (HQ) categorized as low and very low in
the urban land use coverage. The lower area of the study basin is predominantly occupied
by urban and construction zones, addressing population growth needs. This occupation
contributes to a decline in habitat quality due to the absence of natural spaces or the frag-
mentation of the few remaining habitats in the lower sub-basins. Similar findings align with
results documented in the literature across different parts of the world [24,52,67-69,75,76].
Urban sprawl can significantly reduce areas with key natural habitat functions, including
water bodies, wetlands, and forests, leading to a deterioration in habitat quality [77]. The
escalating urbanization correlates with reduced habitat quality, reflecting established rela-
tionships between urban growth and habitat degradation [69,76]. Additionally, this surge
in low habitat quality is linked to a decrease in biodiversity, as evidenced by the study
conducted by [57] in the mountainous region of western China. The decline is attributed to
intense human activities, such as cultivation and urban development.
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Figure 8. Distribution of the HQI coverage for the urban coverage: (a) trend scenario and
(b) pessimistic scenario.

3.3. Policy Implications

Assessing habitat quality in the Tabacay and Aguildn River sub-basins underscores
political implications for the future, particularly in the face of two scenarios predicting
changes in land cover and use. The findings advocate for reinforcing protective policies,
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such as Reciprocal Agreements for Water (ARAs), as outlined in the existing ordinance [62]
by EMAPAL EP. Considering the anticipated adverse impacts in future scenarios, more
stringent policies are urgently needed to curb urban and cropland expansion, particularly
in identified critical zones, notably the Cubilan Protective Forest. Moreover, essential
considerations include amending the existing ordinance, extending protection to arable
areas while prioritizing habitat quality, and averting degradation in urban and cropland,
similar to China’s development approach [74]. Policies should proactively address expected
population densification, balanced development, and preserve existing ecosystems in the
study area. Implementing these measures is crucial to counteract projected trends of
declining habitat quality, ensure long-term sustainability, and safeguard vital ecosystem
services in the region.

3.4. Limitations, Uncertainty, and Outlook

Despite the inherent limitations associated with the INVEST model’s HQ module,
arising from the simplification of specific eco-geomorphological processes [35], the results
obtained in the application of the model to the mountainous sub-basins of Tabacay and
Aguilan Rivers are deemed valuable and reliable. This study marks a pioneering effort,
utilizing the tool in a distinctive context, particularly the Andean region and paramo
areas. Given the scarcity of similar analyses in the region, this study’s significance as a
trailblazer is underscored, opening new avenues for future research in the Andean area
employing this analytical tool for habitat quality evaluation. While result interpretation
necessitates caution due to the model’s simplified nature, thorough comparisons with the
global scientific literature enhance the credibility of the findings. This validation approach
substantially contributes to affirming the applicability of the InVEST model in habitat
management and land use planning in analogous mountain environments, offering a
robust foundation for future research and management decisions.

4. Conclusions

This study offers a comprehensive assessment of the habitat quality in the Tabacay
and Aguildn River sub-basins using the INVEST model to analyze the current conditions
and future scenarios. Understanding how these changes develop over time is critical
to managing these Andean ecosystems effectively. It also highlights the usefulness of
advanced tools for evaluating environmental quality. The results show that changes in land
use, such as urban expansion and intensification of agriculture, could harm habitat quality
in future scenarios to 2050. During this period, a progressive decline in areas with high
habitat quality has been observed, particularly in low-lying sub-catchment regions where
urban growth and expansion of crops have fragmented natural ecosystems, leading to a
reduction in connectivity, loss of biodiversity, and alteration of key ecosystem services.

The degree of habitat reduction showed a significant difference between the two
future scenarios. While the trend scenario shows a gradual decline in habitat quality, the
pessimistic scenario projects more serious losses, especially in cropland and urban areas.
The most critical effects are expected in the lower sub-basins, where urban expansion and
agricultural intensification increase fragmentation and a loss of ecological function. On the
other hand, high-quality areas, such as the Cubildn Protective Forest, have greater resilience
and maintain high HQI values in both scenarios. These results highlight the crucial role of
conservation areas and sustainable land management practices (e.g., ARAs) in mitigating
the negative impacts of land use changes and preserving key ecosystem services.

The results show the need for proactive political interventions. Strengthening existing
conservation mechanisms, such as ARAs, and introducing stricter land use regulations
could help mitigate the loss of habitats, especially in agricultural and urban expansion areas.
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Following the examples of successful international cases, habitat protection could be aligned
with practices for adapting to land use and climate change. These actions to protect forest
areas could promote other activities, such as reforestation, agroecological practices, and
the application of nature-based solutions to restore degraded habitats, improve landscape
connectivity, and enhance the capacity of local communities to adapt to environmental
change, reconciling ecological conservation with sustainable development.

Despite the simplified nature of the InNVEST model, this study establishes a fundamen-
tal analysis of habitat dynamics in an Andean context. Climate-change-driven variability in
temperature and rainfall patterns exacerbate habitat quality loss, so incorporating climate
change assessments into future work could lead to a more holistic understanding of the
ecosystems’ long-term vulnerability and drive more appropriate conservation strategies.

Finally, future studies should refine these projections further by involving additional
ecological and socio-economic variables to ensure more robust decision making regarding
land use planning and habitat preservation in the region.
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