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Abstract

Moray (Cusco, Peru) represents one of the most sophisticated examples of Inca agricultural
engineering, where architecture, environmental management, and constructive systems
converge to generate controlled microclimates for agricultural experimentation. Recog-
nized as an important archaeological heritage site, Moray provides valuable insight into
ancestral Andean strategies for adapting agriculture to complex high-altitude environ-
ments. However, the site is increasingly exposed to environmental pressures associated
with climatic variability, soil erosion, structural collapses, and tourism intensity. This study
aims to analyze the relationship between microclimates, geometric design, and constructive
sustainability of the Moray archaeological complex through integrated spatial, functional,
and constructive analyses, supported by digital tools such as Google Earth Pro, AutoCAD
2023, SketchUp 2023, and environmental simulations developed by Andrew Marsh. The
research examines the geometric configuration of the circular terraces, which present radii
between 45 and 65 m, heights ranging from 3 to 5 m, and slope variations between 14% and
48%, generating temperature gradients of 12-15 °C between upper and lower levels. These
conditions enabled the Incas to experiment with and adapt diverse ecological species across
different thermal zones. The study also evaluates the irrigation and infiltration systems
composed of gravel, sand, and stone layers that ensured soil stability and moisture regula-
tion. Climate data from SENAMHI (2019-2024) indicate that Moray is located in a semi-arid
meso-Andean environment, reinforcing its interpretation as an ancestral environmental
laboratory. The results demonstrate Inca mastery in integrating environmental design,
hydrological engineering, and agricultural experimentation while also identifying current
conservation challenges related to erosion processes, structural deterioration, and tourism
pressure. This research contributes to understanding Moray as a climate-sensitive heritage
system, offering insights relevant to contemporary strategies for sustainable agriculture,
climate adaptation, and heritage conservation in Andean regions.

Keywords: environmental vulnerability; terrace stability; landscape management; preventive
monitoring; cultural landscape conservation; high-altitude farming systems; heritage; visitor
impact control
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1. Introduction

History acts as a guiding thread that connects societies to their past, revealing their
identity, way of life, and evolution over time [1]. In this context, agriculture has been a
fundamental pillar in the course of humanity, marking the beginning and expansion of
early civilizations and providing livelihood for numerous families and communities [2].
Globally, agriculture has played a transformative role, deeply interacting with natural
processes [3].

Within this broad historical framework, agricultural practices have not only ensured
food production but have also shaped cultural landscapes and technological systems that
reflect the adaptive capacity of societies to diverse environmental conditions.

In Figure 1, eight types of agricultural systems worldwide are shown, divided into
commercial and peasant agriculture. In Figure 1A, productive agriculture is characterized
by significant investments and high profitability per hectare, though with elevated costs. On
the other hand, in Figure 1B, plantation agriculture is distinguished by its scattered crops,
primarily perennial and tropical. Compared to these, in Figure 1C, extensive commercial
livestock farming is characterized by semi-free herds and large areas monitored by a
limited amount of labor. Meanwhile, in Figure 1D, the effectiveness of agriculture is
attributed to a high labor force and the use of irrigation. In contrast, Figure 1E, dedicated to
hunting /gathering, agriculture, or nomadic pastoralism, mainly focuses on slash-and-burn
shifting agriculture. In Figure 1F, extensive nomadic livestock farming develops in areas
with severe limitations, restricting agriculture to isolated oases. In Figure 1G, traditional
agriculture is characterized by collective labor and varies according to local materials
and climatic conditions, presenting diverse structural complexity. Finally, in Figure 1H,
intensive agriculture seeks to meet the needs of a rapidly growing population, developing
various irrigation techniques to achieve high yields [4].
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Figure 1. The diversity of agriculture in the world: (A) Productive agriculture; (B) plantation
agriculture; (C) extensive commercial breeding; (D) Mediterranean agriculture; (E) home/gathering
agriculture or nomadic pastoring; (F) extensive nomad livestock; (G) traditional peasant agriculture;
and (H) intensive peasant agriculture.

These diverse agricultural systems demonstrate how human societies have historically
modified landscapes through specific spatial, constructive, and environmental strategies,
many of which remain embedded in ancestral agricultural infrastructures.
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Recent research has emphasized that ancestral agricultural infrastructures, particu-
larly terraced landscapes, should be understood as complex socio-environmental systems
that integrate spatial configuration, construction techniques, and microclimatic regulation.
Studies conducted in different Andean contexts demonstrate that terrace geometry, slope,
and orientation play a fundamental role in temperature modulation, soil moisture reten-
tion, and erosion control, contributing to agricultural resilience under variable climatic
conditions [5]. More recent interdisciplinary approaches highlight the relevance of these
systems for contemporary discussions on sustainability, climate adaptation, and heritage
conservation [6].

The Peruvian territory has historically been a key center for agricultural development.
Civilizations such as the Incas not only mastered advanced agricultural techniques to
harness the ecological diversity of the region but also adapted and enhanced knowledge
inherited from earlier societies, such as the use of terraces built by preceding cultures [7].

Today, Peru has 11.6 million hectares dedicated to agricultural activities throughout
its territory [8].

This long agricultural tradition positions Peru as a particularly relevant context for
studying ancestral farming systems, especially those developed in complex high-altitude
Andean environments.

Figure 2 shows the diversity of products generated by crops in Peru. In Figure 2A, the
Coast (0-500 m.a.s.l.) stands out for having the most fertile land in the country, thanks to its
excellent quality, flat terrain, abundant water, and significant investment in infrastructure
accumulated in the area [9]. Fruit crops such as plums, blueberries, apples, and mangoes,
as well as vegetables like peas, are produced. Similarly, in Figure 2B, the Highlands
(500-6768 m.a.s.1.) represent one of the diversity centers according to Vavilov’s theory,
harboring 38 domesticated plant species [10]. These include varieties of tubers, roots,
grains, fruits, and vegetables, while many other medicinal and ornamental plants have yet
to undergo the domestication process [11]. On the other hand, in Figure 2C, the Jungle
(500-3500 m.a.s.1.), agriculture in the Peruvian Amazon is an activity of great economic
and social importance, recognized for its diversity and productive capacity in crops such
as coffee, fruits like camu camu, papaya, pineapple, and medicinal plants. However,
deforestation and new forest regulations, particularly those enforced by the European
Union, impose restrictions on land use, which could affect agricultural expansion and the
sustainability of production in the region [12].

Among these regions, the Andean highlands stand out for the development of terrace-
based agricultural systems, which allowed pre-Hispanic societies to cultivate steep terrains
while regulating water, soil, and microclimatic conditions [13].

The Tahuantinsuyo, also known as the Inca Empire, represents the culmination of
pre-Columbian civilizations by integrating inherited scientific, technological, and artistic
knowledge. This sophisticated and advanced culture wielded considerable power and
extended its dominion over various regions of South America [8]. Although Lima holds
the title of the current capital and is the main economic hub and gateway to Peru, the city
of Cusco was and continues to be the true capital of the Inca Empire [14].

Cusco not only served as a political capital but was also the cultural, religious, and
economic heart of the empire. According to Inca mythology, Cusco was the place of origin
of the first Inca, Manco Capac, and his wife, Mama Ocllo [15]. As the administrative and
political center of the empire, Cusco exercised control over an extensive network of roads
that connected its territories, as well as over the redistribution of resources and the tax
system that sustained the imperial economy [16]. Additionally, in the religious sphere,
it houses the most significant temples of the Tahuantinsuyo, including the Coricancha
or Temple of the Sun, revered as the main center of worship for the Sun god, Inti [17].
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Historically, Cusco has been one of the most important areas in terms of agriculture and
cultural development.
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Figure 2. Variety of crops in Peru: (A) Coast; (B) Highlands; and (C) Jungle.

Within the Cusco region, several archaeological sites preserve evidence of advanced
Inca agricultural engineering, forming part of Peru’s recognized cultural heritage.

The archaeological centers of Cusco, both before and after the arrival of the Spanish,
are witnesses to the splendor and complexity of the Inca civilization. Before the Spanish
conquest, these structures served as administrative, religious, and cultural centers of the
vast Inca Empire [15].

Recent regional research indicates that Andean agricultural systems are increasingly
sensitive to changes in climate variability, particularly shifts in temperature and precipi-
tation that affect traditional farming practices and crop viability at high altitudes [18]. In
the Peruvian Andes, observed climatic shifts—including increased temperature trends and
altered rainfall distribution—have been associated with impacts on soil moisture regimes,
water availability, and agricultural productivity in rural terrains [19]. Studies in highland
areas also document perceived climate changes among farming communities, such as
increased occurrence of temperature extremes and irregular precipitation, which contribute
to uncertainties in planting calendars, crop cycles, and water management strategies [19].

Traditional Andean agricultural infrastructures such as terraces and other landscape
modifications are recognized not only as food production technologies but also as adaptive
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systems that modulate local microclimates and help manage water and soil dynamics under
variable climatic conditions [20].

Recent studies have also emphasized Moray as a unique experimental center, with
terraces designed to generate controlled microclimates for diverse crops. Previous research
on Cusco’s archaeological sites—including Tipon and Pisag—documents terrace geometry,
irrigation networks, and slope adaptation strategies that enabled sustainable agriculture at
high altitudes [21]. These works provide an essential comparative framework for analyz-
ing the spatial, constructive, and environmental logic observed at Moray, reinforcing its
relevance within Andean agricultural heritage.

In this broader Andean context, archaeological terrace systems are increasingly under-
stood as climate-sensitive heritage infrastructures whose conservation depends on their
original spatial configuration, constructive logic, and environmental performance.

To contextualize the spatial, hydraulic, and terracing strategies observed at Moray,
a comparative reference is established with two representative Inca archaeological sites—
Pisaq and Tipon—which exhibit well-documented terrace systems and water management
infrastructures.

Figure 3 highlights ancient settlements such as Pisaq and Tipon, which, alongside
Moray, stand out for their advanced water management systems and strong connection to
terrace-based agricultural practices.

In Figure 3A, the terraces of Pisaq serve as an outstanding example of Inca agricultural
engineering, designed to optimize production on steep terrains. These terraces not only
controlled soil erosion but also regulated drainage and retained moisture, enabling the cul-
tivation of crops adapted to high-altitude climates. Their construction involved advanced
techniques, such as soil selection and the implementation of efficient irrigation systems,
achieving a harmonious integration between architecture and agriculture in the region [22].
However, recent studies indicate that climatic variability in the Andean region, particularly
changes in precipitation intensity and seasonal rainfall patterns, has increased erosion
processes and slope instability in terrace-based agricultural systems, posing growing risks
to the conservation of sites such as Pisaq [22,23]. Meanwhile, in Figure 3B, the terraces of
Tipon facilitated efficient farming on slopes, ensuring the uniform distribution of water
through expertly integrated channels. These terraces not only preserved fertile soil but
also enhanced crop adaptation to high-altitude environmental conditions, showcasing the
Inca’s technical mastery in harmonizing with their natural surroundings [6]. Despite their
sophisticated hydraulic design, climate-related stressors such as prolonged dry periods,
irregular rainfall, and fluctuations in water availability have begun to affect traditional
irrigation networks in Tipon, increasing vulnerability to structural deterioration and re-
duced hydraulic performance [6,21]. Similar patterns of climate-induced risk have been
documented in other highland archaeological landscapes, where agricultural terraces and
water management systems are increasingly exposed to environmental degradation linked
to climate variability [20,24].

Moray has been the subject of several archaeological and environmental interpre-
tations that describe it as a unique agricultural experimentation center within the Inca
landscape. Previous studies associate its concentric circular terraces with intentional micro-
climatic manipulation aimed at crop adaptation across different thermal zones [6]. However,
most existing research has approached Moray from isolated perspectives—morphological,
symbolic, or functional—without fully integrating spatial geometry, environmental perfor-
mance, and constructive systems within a climate-sensitive heritage framework.

After the Spanish conquest in the 1500s and the destruction of numerous Inca struc-
tures, Inca culture was largely buried under colonial influence. However, some sites distant
from the city, like Moray, survived partially intact [25].
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Figure 3. (A) Archaeological Center of Pisaq; (B) Archaeological Center of Tipon.

Moray is recognized as an archaeological heritage site of outstanding value, distin-
guished by its unique concentric terracing system and its association with agricultural
experimentation in high-altitude environments.

Today, these archaeological centers, including Moray, are essential for understanding
the culture and history of ancient Cusco. At the same time, they highlight the growing
need to address climate-related risks in the conservation of Andean agricultural heritage,
as environmental pressures increasingly threaten the stability and functionality of these
complex terrace systems [26].

In recent decades, the Moray agricultural terraces have been increasingly exposed to
environmental pressures associated with climate-related variability, including soil erosion,
localized structural instability, and alterations in moisture distribution. While this study
does not address long-term climate change trends through extended climatic datasets, these
processes reveal a growing sensitivity of the site to changing environmental conditions and
microclimatic stressors, highlighting climate variability as a key risk factor affecting both
the physical stability and environmental performance of the terraces.

Within the context of heritage risk and climate-related vulnerability, understanding
how the original architectural design of Moray interacts with its environmental setting
becomes essential. The site’s geometry, spatial configuration, construction systems, and
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material characteristics directly influence drainage behavior, moisture retention, thermal
regulation, and structural performance, positioning these elements at the core of risk
assessment and preventive conservation planning.

In this context, the research is guided by the following question: How do microclimates,
geometric configuration, and constructive systems influence the environmental behavior
and conservation challenges of the Inca agricultural terraces of Moray under conditions
of climatic variability? Accordingly, this study aims to analyze the Moray agricultural
terraces through integrated spatial, microclimatic, and constructive perspectives in order to
identify patterns of environmental behavior, structural sensitivities, and climate-related
conservation challenges. By doing so, the research seeks to contribute to the development
of more informed and sustainable heritage management strategies that address risk and
resilience in climate-sensitive archaeological sites.

e  Terraced landscapes and cultural heritage

Terraced agricultural landscapes constitute complex cultural heritage systems in which
traditional productive practices, historical knowledge, and landscape identity are integrated
over time. These systems represent long-term interactions between human communities
and the natural environment, reflecting adaptive strategies to territory and climate [27]. The
conservation of terraced landscapes requires an integrated understanding of their cultural
value as well as their environmental and socio-economic functions, particularly in contexts
where tourism and heritage valorization play a significant role in local development [28].

e  Green infrastructure and landscape regeneration

Green infrastructure is understood as a strategically planned network of natural
and semi-natural spaces capable of providing essential ecosystem services, such as water
regulation, soil stabilization, and climate change adaptation across different territorial
scales [29]. In heritage landscapes and peri-urban areas, this approach has proven to
be an effective tool for landscape regeneration, as it enhances ecological connectivity
and promotes sustainable land-use planning, particularly in environmentally sensitive
territories [30].

e  Sustainable management of terraced systems

The sustainable management of terraced agroecosystems involves integrating environ-
mental conservation, cultural heritage protection, and local development through adaptive
strategies supported by scientific evidence and traditional knowledge [31].

Several studies indicate that effective management must address issues such as erosion
control, agricultural land abandonment, and structural degradation of terraces while
ensuring the functional continuity of traditional agricultural systems [32].

e  Environmental vulnerability and climate sensitivity

Terraced landscapes exhibit high vulnerability to climate variability, extreme weather
events, and changes in land use, factors that can intensify soil erosion processes and com-
promise terrace stability [33]. In high-altitude agricultural systems, dependence on specific
microclimatic conditions and reduced maintenance significantly increase the susceptibility
of these landscapes to environmental degradation [34].

e  Resilience and multifunctionality of cultural landscapes

Terraced systems perform multiple environmental and social functions by providing
ecosystem services such as microclimate regulation, water management, biodiversity sup-
port, and food production, thereby contributing to the resilience of cultural landscapes [35].
This multifunctionality positions terraced landscapes as relevant models for sustainable her-
itage conservation and climate-adaptive territorial management in mountainous regions [36].
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2. Study Area
Location, Topography, and Water Resources

The archaeological site of Moray is located in the district of Maras, province of
Urubamba, department of Cusco, Peru, at an altitude of approximately 3500 m.a.s.1. [37].
Figure 4 illustrates the geographical location of the Moray Archaeological Center at dif-
ferent territorial scales. Figure 4A situates Peru within the South American continent,
bordering the Pacific Ocean. Figure 4B shows the location of the department of Cusco at
latitude 13°19'48.97” S and longitude 72°09'47.12” W. Figure 4C presents the province of
Urubamba and the district of Maras, where Moray is located, at coordinates 13°18'15” S
and 72°07'00” W [38].
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Figure 4. (A) Map of Peru, Cusco Department; (B) Map of the Cusco Department, Urubamba Province;
and (C) Map of the Urubamba Province, Maras City.

Moray represents a remarkable example of sophisticated Inca agricultural planning
and architectural design, characterized by a system of concentric terraces integrated into
a natural depression [37]. The name “Moray,” derived from Quechua terms such as
moraya (dehydrated potato) or amaru (snake), reflects its close association with agricultural
experimentation and symbolic meaning within Inca culture. Beyond their productive
function, the terraces also held ceremonial significance, embodying the Andean worldview
in which environmental knowledge, architectural practice, and spiritual beliefs were deeply
interconnected [39].
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Figure 5 shows that the archaeological site of Moray is located at an altitude of
3500 m.a.s.l., surrounded by a mountainous landscape characteristic of the Andean region.
Moray is situated near a ravine originating from the Vilcanota River, suggesting that in
ancient times, the Inca civilization might have used these water sources to supply their
agricultural systems and enable cultivation on the terraces. The proximity to this watershed
reinforces the theory that the site was not only used for agricultural experimentation but
was also strategically connected to local water resources.
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Figure 5. Topography and hydrography map of the Maras district from Ref. [39], 2021, Google Earth.

In Figure 6, the terraces of Moray are shown, clearly displaying the circular agricultural
terraces that are distinctive features of this site. These terraces provide tangible evidence
of the advanced agricultural techniques and microclimate management developed by the
Incas [40]. The image allows one to appreciate the different levels and how they adapt
to the topography, which is Pisaq crucial for understanding the cultivation methods and
agricultural engineering that made sustainable food production possible under various
climatic conditions. Additionally, this view is essential for appreciating the scale and
complexity of Inca design, as well as for analyzing the relationship between the structures
and the natural environment [41].

In this context, Moray stands out for its significant contribution to the ancestral
agriculture practiced by the Incas. The morphology of the site consists of four natural
depressions, known as muyus, which were modified by the Incas to create agricultural
terraces with geometric patterns. Each terrace has a specific width, height, and slope,
adapted to the climatic conditions and the terrain’s characteristics. This organization,
along with the arrangement of its architectural elements, demonstrates the Incas” advanced
knowledge of adapting to topography and controlling the microclimate, which allowed
them to experiment with various crops and optimize the use of soil and water, achieving
efficient and sustainable agricultural development. The architectural layout of Moray
reflects a strategic planning that responds to agricultural functionality and its relationship
with the environment, serving as a clear example of the harmonious interaction between
architecture, agriculture, and nature [41].
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Figure 6. (A) View of the terracing of the Moray platform; (B) View of the central terracing of Moray.
Photographs were taken by Jesica Vilchez Cairo, one of the authors, using a digital camera.

Figure 7 illustrates the main deterioration factors currently affecting Moray, includ-
ing soil erosion, inadequate maintenance, structural instabilities, and increasing tourist
pressure. Together, these issues directly threaten the integrity, stability, and long-term
conservation of this unique archaeological landscape [41]. In Figure 7A, soil erosion has
become a critical threat to Moray’s circular depressions and agricultural terraces. The site’s
stepped geometry, combined with intense seasonal rainfall and higher climatic variability,
accelerates the degradation of both stone structures and soil layers, compromising the ter-
races’ microclimatic performance [42]. The loss of fine soil also alters the thermal behavior
of the terraces, reducing their capacity to retain heat and maintain controlled temperature
gradients. Figure 7B shows that the absence, discontinuity, or poor condition of protective
railings along tourist trails constitutes a significant risk factor within the Moray Archaeolog-
ical Site. In several areas, incomplete or deteriorated railings increase visitors’ exposure to
steep slopes and uneven terrain while also allowing uncontrolled access to sensitive areas
of the terraces. This situation intensifies localized soil disturbances, material displacement,
and surface erosion caused by pedestrian traffic, contributing to the progressive structural
and environmental vulnerability of the terraces. In Figure 7C, evident collapses along
several terrace walls highlight the vulnerability of Moray’s constructive system. The origi-
nal Inca engineering—composed of drainage layers of gravel, sand, and stone—has been
progressively altered by climate-driven humidity variations and inadequate restoration
practices, reducing its capacity to regulate moisture and filtration [43]. These structural
failures not only affect the hydraulic and agricultural functionality of the terraces but
also compromise the conservation of Moray as a heritage site. Collectively, these issues
underscore the absence of a long-term conservation strategy that integrates preventive
maintenance, climate-responsive management, and structural monitoring. Without such
measures, Moray remains at high risk, and its archaeological, environmental, and heritage
values may be irreversibly affected in the coming decades [41].
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Figure 7. (A) Soil erosion at Moray; (B) Poor condition of protective railings; (C) Terrace collapses.
Photographs (taken by Jesica Vilchez Cairo, one of the authors, using a digital camera).

3. Methodology

3.1. Research Framework

Figure 8 summarizes the methodological framework adopted in this study.

OBJECTIVE

DATA SOURCE

SELECTION AND
CLASSIFICATION
CRITERIA

RESULTS

Identify  different types of
agriculture from archaeological
centers in the world, Peru Cusco
and Moray. In addition to the
existing problems.

Use of data extracted from scientific
articles, magazines, international
govermental  books such as
Ministerio de cultura del Perii and
UNESCO.

Identification of the variety of
agricultural systems in the world,
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Figure 8. Methodology applied in the study.

3.1.1. Literature Review Procedure

In the first stage, an exhaustive gathering of information was carried out to contextu-
alize the spatial, functional, and constructive analysis of the archaeological site of Moray.
This process involved the search and selection of academic sources, scientific articles, and
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documents issued by recognized institutions such as the Ministerio de Cultura del Perti
and UNESCO, which provided a solid theoretical framework for the study.

The literature review identified the main characteristics of the agricultural terraces and
their relationship with the Inca hydraulic systems, highlighting not only their productive
functionality but also their advanced engineering and integration with local microclimates.
This comprehensive approach contributed to a more detailed understanding of the inter-
actions between architectural design, environmental dynamics, and the cultural practices
developed in Moray.

3.1.2. Study Area, Climate Analysis and Flora Procedure

Site analysis is important as it allows us to understand the context in which the
archaeological center is located. It also provides geographical characteristics such as
longitude, latitude, and altitude of the site. To develop this analysis, digital platforms such
as Google Earth have been used, as they offer three-dimensional information about the
natural and urban context of specific areas. This tool allows for approximate measurements
from one point to another or within a specific area. Additionally, it displays satellite images
or aerial photographs accompanied by geographic coordinates for greater accuracy.

Understanding the climate analysis is fundamental, as, in recent years, it has been
essential for research to identify climatic data because it influences site analysis [41,44]. This
process includes the climatological study, which encompasses factors such as temperature,
wind speed, relative humidity, and precipitation. The process is detailed as follows:

1. Collect climatic classification information according to Senamhi and the Ministry
of Housing.

2. Gather data from the last 5 years (2019-2024) from Senamhi’s hydrometeorological
station in Urubamba, including maximum and minimum temperature (°C), relative
humidity (%), and monthly precipitation (mm).

3. Collect meteorological data from Weather Spark EPW for the year 2024, including
wind speed (km/h).

4. Collect solar radiation data (Kwh) for the Cusco region from Senamhi.

o1

Perform rigorous statistical processing of the collected data.
6.  Generate graphs presenting the data collected in points 1, 2, and 3.

3.1.3. Digital Modeling and Analytical Procedure

Figure 9 shows the modeling process of the Moray archaeological center. This process
includes the geographic location and relief, which are represented in a 3D model. Addition-
ally, a solar orientation analysis is conducted using digital tools. Step 1 involves acquiring
terrain data through Google Earth Pro 2024, which provides crucial information about
elevations, topographic sections, and the site’s orientation. In step 2, a PDF document
prepared by the Instituto Nacional de Cultura (INC) was consulted. The INC was the
institution in place at the time of the publication of the file and was later replaced by the
Ministry of Culture. This document contained a topographic map of the study area of the
archaeological site of Moray, which was used as a reference in the analysis [45]. This map
was imported into AutoCAD 2024 to accurately delineate the boundaries and dimensions of
the terraces. In Step 3, a three-dimensional model of the archaeological center was created
using SketchUp 2023, allowing for detailed visualization of the structure and terrain depths.
Finally, in Step 4, a solar analysis of Moray was performed using Andrew Marsh’s Sun-Path
and Shading software, based on two-dimensional solar trajectory diagrams that provide
information on solar incidence at the site.
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Figure 9. Steps for developing the analysis.

3.1.4. Comparative and Interpretative Framework

The analysis of Moray, compared to archaeological sites such as Tipon and Pisaq, exam-
ines the terracing systems, bioclimatic strategies, hydrology, and construction techniques.
It highlights the similarities and differences in terrace design and how the Incas adapted
their terracing systems to the geographical and climatic conditions of each site. Bioclimatic
strategies, such as microclimate management and the use of advanced hydrological sys-
tems, demonstrate the Incas’ profound understanding of their environment. Through the
construction of terraces and canals, they optimized agricultural conditions, achieving a
seamless integration of functionality, sustainability, and aesthetics in their infrastructure.

3.2. Climate Analysis
3.2.1. Climatic Classification and Recent Data

In Moray, Cusco, the climate is predominantly dry and temperate, with an average
annual temperature of approximately 21 °C. According to the national climatic classification
by SENAMHI, Moray is characterized as a semi-arid climate with dry autumns and winters,
and it is classified as Zone 4—Mesoandino by the Ministry of Housing [18,46]. In order
to facilitate international comparison, the Koppen—Geiger climate classification is also
considered, under which the Moray archaeological site corresponds to a Cwb climate type
(temperate highland climate with dry winters and mild summers), consistent with the
national classification [23].

For the climatic characterization of the site, meteorological data recorded between
2019 and 2023 were analyzed to describe recent environmental conditions influencing the
terraces. In addition, long-term paleoclimatic studies reported in the literature indicate
cyclical temperature variations over the last millennium. These cyclical patterns, illustrated
in Figure 10, represent reconstructed long-term temperature trends based on secondary
sources and highlight recurring fluctuations rather than continuous linear change [47,48].
These historical references are used to contextualize climatic variability rather than to assess
long-term climate change trends.

The origins of the Inca Empire date back to the 13th century; however, agricultural
practices and landscape transformations in the region may have occurred earlier. Previous
studies suggest that periods of intense and prolonged rainfall between the 11th and 12th
centuries could have influenced early agricultural adaptations, including the use of unstable
terrain formations [47]. In this context, the analysis of recent climatic data is employed to
support the interpretation of current environmental conditions and microclimatic behavior
at the site.
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Figure 10. Graphical representation of the environmental effects throughout the last millennium.

3.2.2. Microclimatic Characteristics and Solar Geometry

Figure 11 integrates a three-dimensional isometric representation of the Moray Ar-
chaeological Center with annual solar exposure and prevailing wind direction, allowing a
comprehensive interpretation of the site’s environmental behavior. The solar projection
indicates a relatively stable daily solar exposure throughout the year, with limited seasonal
variation in daylight duration, a condition associated with the site’s latitudinal position
and high-altitude context. This representation emphasizes the geometric relationship be-
tween terrace orientation, slope inclination, and solar incidence, which contributes to the
formation of localized microclimates within the concentric depressions of Moray [49,50].
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Figure 11. Climatological Analysis and Solar Geometry of Moray.

The climatic parameters summarized in Figure 11 show modest annual variability in
temperature and relative humidity, with maximum temperatures reaching approximately
22 °C and minimum values around 4 °C, as well as relatively stable humidity levels
throughout the year. These conditions are characteristic of temperate highland climates in
the Cusco region and reflect a low seasonal thermal amplitude, as documented by regional
meteorological records [18,49]. Such climatic stability would have favored agricultural
experimentation by reducing thermal stress on crops while enabling differentiated growing
conditions across terrace levels.

Wind direction and average wind speed, represented in the isometric diagram, further
contribute to understanding site performance, as airflow interacts with terrace geometry
and depth, influencing ventilation, moisture dispersion, and thermal regulation [50]. The
inclusion of the three-dimensional isometry in this section is therefore essential, as it visually
synthesizes the interaction between solar exposure, wind patterns, and architectural form,
supporting the interpretation of Moray as a deliberately engineered system designed to
manage environmental conditions rather than merely respond to them [51].

3.2.3. Seasonal Observations

In Figure 12, a notable comparison is made between photographs taken at different
times of the year. In Figure 12A, the photograph is taken during the rainy season (from
November to April), when the region experiences regular rainfall. Despite the rains, the
landscapes are greener, and the environment is more tranquil, offering a unique perspective
of the site. On the other hand, in Figure 12B, the photograph is taken during the dry season
(from May to November), where the days are usually sunny with little chance of rain,
although the nights can become considerably colder [18].
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Figure 12. (A) Photograph taken on 24 March 2024; and (B) photograph taken on 5 June 2024.

3.3. Flora and Fauna

In Figure 13, the diversity of flora and fauna in Moray is observed. Regarding the flora,
we find species such as the castor bean plant, known for its medicinal properties and use in
the production of castor oil. The nucchu (Salvia oppositiflora) is an ornamental plant with
medicinal uses. The chinchirkoma (Mutisia viciifolia) is used in traditional medicine and as
an ornamental plant. The kantu (Polemoniaceae), the national flower of Peru, is appreciated
for its beauty and cultural value. The wild tarwi (Lupinus mutabilis Sweet) is a leguminous
plant used as food and green manure. The wild potato (Solanum neocardenasii), an ancestor
of cultivated potatoes, is important for genetic studies and biodiversity conservation. The
wild tobacco (Nicotiana glauca) is used in ceremonies and rituals and has medicinal properties.
The mutuy (Senna multiglandulosa) has medicinal properties and is used in local crafts [52].

The fauna of Moray includes the frog (Rufo spinulosus), an endangered amphibian due
to the use of insecticides in crops. The fox (Vulpes vulpes) is a carnivorous mammal that
controls populations of rodents and other small animals. The snake (Colubridae), a reptile,
helps in pest control and maintains the ecosystem balance. The kestrel (Falco sparverius), a
small bird of prey, hunts insects and small mammals, contributing to pest control. The deer
(Cervidae), an herbivorous mammal, is indicative of a healthy ecosystem.

The falcon (Falconidae), another bird of prey, controls populations of small animals
and birds. The Falconidae family includes various species such as the crested caracara
(Caracara plancus), the aplomado falcon (Falco femoralis), and the peregrine falcon (Falco
peregrinus). The donkey (Equus asinus) is a domesticated animal used for transportation
and agricultural work. The hummingbird (Trochilidae), known for its ability to pollinate
flowers while feeding on nectar, is vital for the reproduction of many plants [53]. However,
the use of fertilizers in agriculture at Moray may have adverse effects on the ecosystem.
Chemical fertilizers can alter pH levels in both water and soil, impacting water quality and
plant health. An imbalanced pH can interfere with the availability of essential nutrients
and negatively affect plant and animal species that rely on these resources for survival [54].

In conclusion, the flora and fauna of Moray play a crucial role in preserving the
ecosystem and supporting the region’s agricultural sustainability. The diversity of plant
species not only contributes to ecological balance but also provides important medici-
nal, nutritional, and cultural resources, such as tarwi, wild potatoes, and kantu, among
others. Regarding the fauna, it includes endangered species like the toad and natural
predators such as the fox and kestrel, which are essential for pest control and maintaining
ecological equilibrium.
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Figure 13. Flora and fauna of Moray.

4. Results
4.1. Place of Intervention, Topography and Orientation

Moray is located in a transitional area between the Highlands and the Amazon rain-
forest. It is characterized by its circular agricultural terraces that descend toward the center
of the complex, forming a unique stepped topography [55].

Figure 14 presents the intervention area at the Moray Archaeological Center. In
Figure 14A, the map of Urubamba is shown, located at coordinates 13°18'37.2” S and
72°7'12" W. In Figure 14B, the map of Maras is visible, situated at coordinates 13.3356° S
and 72.1570° W. In Figure 14C, a top view of the Moray Archaeological Center is provided,
with coordinates 13.3299° S and 72.1971° W [38].

Similarly, the agricultural terraces of Moray provide important lessons on the sus-
tainable management of natural resources in environments with complex topographical
and climatic conditions. The orientation and layout of these terraces allowed the ancestors
to cultivate a variety of plants adapted to specific microclimates, which was crucial for
agricultural production and ensuring food security in the region [56].

Figure 15 shows a three-dimensional representation of the circular terraces. These
terraces are constructed on gentle slopes that allow for maximum sun exposure, which
results in soil temperatures that can vary by up to 12 °C between the highest and lowest
terraces [18]. On the other hand, in Figure 15A, a 465 m cut was made in the Simamuyu
muyu, which has a maximum slope of 35.8%, —29.3%, and a minimum slope of 14.6%,
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—11.0%. Similarly, in Figure 15B, a 388 m cut in the Quechuyoc Muyu shows a maximum
slope of 48.4%, —41.3%, and a minimum slope of 16.9%, —18.4%. Finally, in Figure 15C,
the topographic cut runs horizontally through both muyus, creating a maximum slope of
42.4%, —51.2%, and a minimum slope of 23.2%, —13.7% [38].
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Figure 15. Topography of Moray: (A) Circular terraces; (B) Simamuyu muyu topographic cut;
(C) Quechuyoc muyu topographic cut.

4.2. Solar Analysis and Microclimatic Effects

Figure 16 shows a three-dimensional graph displaying the solar analysis of Moray’s
topography in May. In Figure 16A, the sun is at 6:00 a.m., meaning that the northeast
side remains in shadow, while the southwest side receives more solar radiation during
the day. Conversely, in Figure 16B, the sun is at its highest point at noon, and the circular
shape of the terraces allows all levels to receive adequate solar exposure. In contrast, in
Figure 16C, there is less solar radiation, which implies that the southeast side warms up
less than the others.
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SOLAR PROJECTION MORAY ISOMETRY I SHADES

Figure 16. (A) Solar analysis at 8:00 a.m.; (B) Solar analysis at 12:00 p.m.; and (C) Solar analysis at
5:00 p.m.

Moreover, according to Wright, Moray has vertical stones that mark the limits of the
shadows at sunset during equinoxes and solstices. This suggests that the Incas used these
terraces to experiment with agriculture in different ecological zones of the empire [56].

Figure 17 shows a cross-section of Muyu B alongside the solar angles during different
seasons of the year. This leads to the division into three sectors for temperature analysis.
In Sector I (Terraces 1-4), temperatures ranged between 9.4 °C and 6.7 °C, with higher
soil moisture that supports cultivation without irrigation and allows natural soil cooling
through evaporation. Terrace 1 is the warmest due to its sun exposure. In Sector II (Terraces
5-8), temperatures varied between 7.1 °C and 10.2 °C, with a sharp drop between Terraces
8 and 9 due to winter shadows. In Sector III (Terraces 9-12), the lowest temperatures were
between 3.2 °C and 0.5 °C, influenced by the sun’s low angle and the terrain’s slope. This
limits agricultural activity in June but also enables varied planting times due to the uneven
warming of the terraces after the solstice [57,58].
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Figure 17. Solar Angles in the Muyu B.
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4.3. Spatial and Geometric Characterization
4.3.1. Master Plan: Area Analysis and Sizing

In Figure 18, the Master Plan of the archaeological site of Moray is depicted, divided
into sections for more detailed analysis. In Figure 18A, the Intiwatana Muyu is located,
a complex with six circular walls and a radius of approximately 45 m, which includes
water cascade structures and stairs embedded in the walls. In this case, its design is not
oriented towards irrigation [56]. In Figure 18B, there are two muyus and two terraces: the
Quechuyoc Muyu, which is the main one, is characterized by having 14 terraces and a
radius of approximately 58 to 65 m. Additionally, the Simamuyu, connected to the former
but smaller in size, has 7 terraces and a radius of approximately 55 m. The seventh terrace
stands out for its large size, covering an area of 2.3 hectares that extends up to the aqueduct.
In Figure 18C, Kuichi Muyu is located, the smallest of the three lower muyus, formed
as a result of a local landslide. Although this Muyu was not designed for irrigation [58],
the use of water in the terraces of Moray is supported by the presence of drop structures,
indicating that water played a role in the site, potentially related to drainage or specific
rituals. Additionally, nearby springs and groundwater seepage in the area might have
influenced the construction and purpose of the terraces [58]. Before restoration efforts, the
lower circle of Moray contained numerous rocks, some considered sacred. It is essential
to highlight that the restoration work carried out in Moray has sparked debates among
specialists. In some instances, the techniques and materials used during restoration may
not fully align with the original construction methods, potentially impacting the site’s

authenticity and historical significance [59].

e INTIWATANA MUYL
""" —NUMBER OF PLATFORMS: 7
—RADIUS: 45M approx
—DEPTH: 21-35M approx

...................... QUECHUYOC MUYU

—NUMBER OF PLATFORMS: 14
—RADIUS: 58-65M
—DEPTH: 40-70M approx

- SIMAMUYU

—NUMBER OF PLATFORMS: 7
— RADIUS: 55M approx
—DEPTH: 21-35M approx

KUICHI MUYL

—NUMBER OF PLATFORMS: 2
—RADIUS: 21M approx
—DEPTH: 6-10M approx

Figure 18. Master Plan of Moray: (A) Intiwatana Muyu; (B) Quechuyoc and Simamuyu; and
(C) Kuichi Muyu.
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4.3.2. Shape, Volume, and Scale: According to the Guidelines of the Environment

In Figure 19, it is observed that the configuration of Moray presents a distinctive
shape influenced by various guidelines that define its space. In Figure 19A, the circular
arrangement of the area creates diverse microclimates; these microclimates vary due to
subtle differences in soil composition, color, texture, and exposure to sun and shade,
among other factors. These particular soil characteristics affect the metabolic processes of
plants and the duration of their vegetative cycles [18]. Similarly, in Figure 19B, the site’s
topography contributes to the formation of the shape by surrounding the central muyus.
Additionally, in Figure 19C, a significant natural feature is the mountain located to the
southwest, which acts as a boundary for the terraces, creating a straight line. Finally, in
Figure 19D, the terraces vary in height, with an average height of approximately 1.8 m in
height [58,60].

Guidelines:

A Circular shape to
generate microclimate

‘ Shape generated by G Straight line caused Q Scale of the
photography by natural boundary 777777 platforms

Figure 19. Analysis of shape, volume, and scale: (A) Circular arrangement generating microclimates;
(B) topography shaping the central muyus; (C) southwestern mountain acting as a boundary; and
(D) variation in terrace heights.

4.3.3. Geometric Principles (Proportion, Rhythm, Symmetry)

In Figure 20, various geometric principles can be observed, which assist in a better
analysis of Moray’s design. In Figure 20A, the largest ones are located in the center, while in
Figure 20B, the smaller ones are positioned at the ends. Similarly, in Figure 20C, the pattern
of consecutive circles repeats approximately every 2-3 m, contributing to the creation of
the different muyus and reflecting a coherent geometric rhythm throughout the complex.
Finally, in Figure 20D, this arrangement leads to the formation of a symmetrical horizontal
line with the larger muyus, which were utilized for agriculture, allowing for efficient use of
space [60].
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Figure 20. Analysis of proportion, rhythm, and symmetry: (A) Larger circles located at the center;
(B) smaller circles positioned at the ends; (C) repetition of consecutive circles forming the muyus;
and (D) symmetrical horizontal alignment of the main agricultural muyus.

4.4. Functional and Environmental Performance Analysis
4.4.1. Function and Zoning According to the Inca Hierarchy

In Figure 21, the hierarchical pyramid of Moray is illustrated according to the roles
performed by the Incas. Although the social organization of Moray remains a topic of
debate, the structure of the terraces could reflect specific roles within Inca society. At the top,
represented by Figure 214, are the administrators and priests, who were responsible for the
management of Moray. This site was overseen by Inca officials specialized in agriculture,
while priests played a crucial role, as agriculture was deeply intertwined with religion
and the ceremonial practices conducted on the terraces [61]. However, it is important to
note that the hierarchical distribution of Inca society cannot be solely deduced from the
terraces, and further archaeological studies and historical sources are needed to corroborate
these inferences. In Figure 21B, the farmers are situated, who were highly specialized due
to the complexity of the agricultural experiments carried out at Moray. The presence of
terraces with a variety of microclimates indicates advanced agricultural knowledge and a
remarkable ability to adapt crops to different conditions. Finally, in Figure 21C, the workers
responsible for labor and logistics are found, as the construction and maintenance of the
terraces required a considerable amount of organized labor. This suggests the existence of a
well-defined hierarchical structure that coordinated the tasks of construction, maintenance,
and harvesting [58,60,62]. Despite evidence of work organization, the interpretation of a
precise social hierarchy remains a topic of debate among experts.

It is also relevant to consider the collective labor systems implemented by Inca society,
such as the mita and minka, which were fundamental to the construction and maintenance of
these complex structures. The mita, a mandatory labor system that mobilized populations
for state-led projects, likely played a critical role in enabling the engineering feats required
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for the agricultural terraces, ensuring both their scale and functionality. Meanwhile, the
minka, rooted in voluntary communal labor, may have been utilized for the continuous
maintenance of the terraces and their irrigation systems, fostering collaboration among
local inhabitants [63].

%) /A
CEREMONIAL
ADMINISTRATORS AND PRIESTS PLATAFORM PATA

INTIWATANA

SPECIALIZED FARMERS

7

NA MUYU

LABOR AND LOGISTICS INTIWATA! KUICHIMUYU

Figure 21. Moray Hierarchical Pyramid: (A) Administrators and priests; (B) specialized farmers; and
(C) laborers responsible for construction and maintenance.

4.4.2. Hydraulic and Drainage Systems

In Figure 22, the estimated water map of the Moray water channels can be observed.
In Figure 22A, a type of vertical channel with a hydraulic drop is presented that directs
the water towards the muyus, specifically towards the bottom of these. Continuing in
Figure 22B, two Inca channels known as “north channel” and “east channel” are shown
according to their location; the “east channel” is visible from the surface and extends from
the spring to the northeast, running approximately 3.9 m, while the “north channel” also
emerges to the surface and is similar in size to the east channel. Finally, in Figure 22C,
a channel used to transfer water from the Main Spring of Moray to Simamuyu through
the terraces is observed, with a structure width of 3.3 m, which is considerably wider
than necessary [58]. Water was essential in Moray for both agriculture and ceremonial
practices. The Incas developed advanced irrigation systems with channels and reservoirs to
ensure the terraces were adequately irrigated, creating microclimates ideal for agricultural
experimentation. Furthermore, water held sacred significance in the Andean worldview,
playing a key role in rituals and offerings associated with land fertility and successful
harvests [61].

The overengineering, a recurring feature in pre-colonial Andean architecture, is evident
in this hydraulic system. First, in its adaptation to seasonal climate variability, the intense
rainy periods (from December to March, with an average annual precipitation of 20 inches)
required infrastructure to ensure efficient and sustainable water management. Second,
in its durability, the Incas designed their systems to withstand long-term geological or
climatic changes. Finally, the symbolic and social dimension of water, which in the Andean
worldview held a sacred and strategic role, justifies the implementation of systems capable
of serving both practical and ritual purposes. These conditions influence the design and
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functionality of the canals, which combine existing structures and reconstructions based on
archaeological evidence and inferences [58].

52'"W

[
&l
b

ﬁ Existing irrigation canals
Inferred irrigation canals

Figure 22. Hydrological map projection for Moray: (A) Vertical channel with hydraulic drop directing
water toward the muyus; (B) North and east Inca channels connected to the spring; (C) Water transfer
channel from the main spring to Simamuyu through the terraces.

It is possible that the agricultural experiments carried out allowed adaptation to
other altitudes, managing to adapt around 60% of the plants currently consumed in the
Andes [52]. Historian Edward Ronney indicates that this place was probably used for the
development of special [58]. Photographic evidence of mother plants was found: potato,
oca, mashua, quinoa, kiwicha, tarwi, arracacha, squash, tobacco, and caihua. According
to Kenneth R. Wright, in the Muyus B and C of Moray, various cultivated plants were
identified, reflecting the site’s agricultural complexity and diversity. Among these are
species such as mustard (Brassicaceae), cactus (Cactaceae), ornamental or edible roots
of the canna type, beans (Fabaceae), cord fiber (Furcraea), grass (Poaceae), and knotty
herb (Polygonaceae). Also notable are crops like chili, tomato, and other ornamental
varieties from the Solanaceae family, along with corn (Zea mays L.), which appears rarely.
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Additionally, unidentified but considered significant plants (Unknown C) were found, as
well as species like soursop (Anona), myrtle (Myrtaceae), elderberry (Sambucus), sapote
(Sapotaceae), and Peruvian pepper tree (Schinus molle) [44,58].

4.4.3. Inca Cosmology and Irrigation Management

In Figure 23, the functioning of the irrigation system in the terraces is shown, high-
lighting the relationship between precipitation and channel irrigation that characterizes
Moray. In zone Figure 23A, the channels had a descending direction, and the last terraces
were exposed to the sun, rain, and winds. This location, combined with the variability of
precipitation, meant that crops in this area relied on both rainwater and irrigation, especially
during months with low water availability. Therefore, it is likely that more resistant crops,
such as potatoes, olluco, and oca, which require less irrigation, were grown here. In contrast,
in zone Figure 23B, the first four terraces were the most humid and better protected. This
microclimate, combined with higher water availability from the springs during the rainy
season, favored the cultivation of crops like maize, kiwicha, and squash [52]. In Figure 23C,
water accumulation hindered plant growth. To solve this issue, a water filtration system
using rocks was implemented, possibly linked to underground irrigation, which helped
manage excess water and ensured efficient irrigation [58,59].
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Figure 23. Inca Cosmology and irrigation management: (A) Descending channels exposing lower
terraces to sun, rain, and wind; (B) first terraces with higher humidity and protection, favoring maize,
kiwicha, and squash; and (C) water accumulation area with rock filtration system for irrigation control.
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4.5. Constructive Materials and Structural Stability
Construction Materials

In Figure 24, the internal structure of the Moray terraces is shown, constructed with
local stone and earth to create a precise concentric circular design. This structure consists
of three layers to ensure its effectiveness. In Figure 24, the top layer, there is fertile soil
brought from different parts of the valley, suitable for agriculture. Below this, the layer
consists of gravel and sand, which facilitates water drainage, thus preventing saturation and
landslides. Finally, the bottom layer is composed of large stones that provide additional
drainage and structural stability. Additionally, in the last layer, the structural system
includes stone retaining walls that support the terrace soil, where agricultural experiments
were conducted. These medium to large stones help prevent landslides [58,59].

SOIL

FINE SAND
AND GRAVEL

MEDIUM
GRAVEL

Metros

T 1
0 1 2

Figure 24. Materiality of the platforms.

4.6. Conservation Strategies for the Moray Archaeological Site

In Figure 25, following the integrated evaluation of the spatial, functional, constructive,
and environmental aspects of the Moray archaeological site, a comprehensive conservation
and management proposal is presented, aimed at preserving its physical stability, envi-
ronmental functionality, and landscape value. The proposal is grounded in principles of
minimal intervention, reversibility, and landscape compatibility, prioritizing preventive
actions that do not alter the original construction system nor the cultural legibility of
the site.
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Figure 25. Environmental monitoring interventions and control of the tourist route at the Moray
archaeological site: (A) Sensors for monitoring temperature, humidity, and soil moisture; and
(B) controlled tourist path with stabilized gravel lanes and permeable railing system.

In Figure 25A, the implementation of an environmental monitoring system is proposed
through sensors measuring temperature, ambient humidity, and soil moisture, strategically
located at the bottom of the depression, on intermediate terraces, and on upper levels. This
arrangement allows for the recording of vertical microclimatic variations, the identification
of incipient erosion processes, and the anticipation of potential risks of structural instability
in the terraces. The data obtained constitute a key tool for strengthening preventive
management in response to climate change effects and increasing tourist pressure on
the site.

In Figure 25B, the tourist route is reorganized through a clearly delineated controlled
path, constructed with stabilized gravel using a natural binder. This permeable and re-
versible material is chromatically integrated into the archaeological landscape and reduces
the compaction of the original soil, minimizing physical impact on the terraces. The total
width of the route is approximately 2.40 m, distributed into a 1.50 m pedestrian lane and a
secondary 0.90 m lane intended for cyclists and light maintenance, designed as a one-way
route to minimize circulation conflicts, reduce physical impact, and ensure greater safety.
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Both lanes are differentiated through chromatic and textural variations in the pavement,
avoiding rigid elements that could alter the visual reading of the landscape. In higher-risk
areas, the replacement of the current railing system is proposed with a more visually per-
meable design based on alternating diagonal elements arranged in a mirrored pattern. This
solution maintains protective functionality without obstructing views, enhances visual per-
ception of the terrace depth, and facilitates photographic documentation, thereby reducing
visual impact on the heritage ensemble.

In summary, the stability of Moray’s terraces is addressed through a preventive
approach based on continuous environmental monitoring using sensors and on the control
of tourist circulation as an impact management tool. Regulating visitor flow and clearly
defining circulation areas help reduce soil compaction, surface erosion, and progressive
terrace deterioration, reinforcing the site’s integrated conservation. In this context, the
stability of the terraces does not depend solely on structural interventions but also on the
control of tourist use.

5. Discussion

Archaeological and ethnohistorical evidence shows that Andean societies developed
their identity and territorial organization through a close and dynamic relationship with the
natural environment [1,64]. Agriculture constituted a central pillar of social development,
sustained by highly adaptive systems capable of responding to complex climatic and
topographic conditions, with more than 2000 plant species cultivated during the Inca
period [2,65]. In line with previous literature, agricultural terraces should be understood not
only as productive infrastructures, but as integrated environmental systems that articulate
spatial organization, microclimatic control, and cultural meaning [66]. At the archaeological
site of Moray, this integration reaches an exceptional level, reinforcing its interpretation as
a specialized space for environmental management and agricultural experimentation in
high-altitude landscapes [3,67].

The results obtained confirm the high level of engineering refinement at Moray while
also revealing its increasing vulnerability under current climatic conditions. Recorded
thermal gradients reaching up to 15 °C indicate a carefully designed microclimatic system
whose functioning depends on a precise environmental balance. Although previous studies
have highlighted the Incas’ ability to manipulate climate at a local scale, the analyzed
data suggest that this effectiveness was conditioned by environmental stability that is now
being altered. Contemporary climate variability, together with soil erosion processes and
localized structural deterioration, reinforces the interpretation of Moray as a system highly
sensitive to environmental and anthropogenic disturbances, with direct implications for its
long-term conservation.

From a spatial perspective, the findings confirm that Moray is distinguished by a
concentric organization that prioritizes microclimatic differentiation through vertical depth
rather than horizontal expansion. This configuration, documented through terrace depths
ranging approximately between 6 and 7 m and wall heights between 3 and 5 m, allows the
generation of differentiated thermal conditions within a confined space [18]. Unlike other
extensively studied Inca sites, this spatial logic does not respond to criteria of extensive
territorial control but rather to the optimization of environmental variability, reinforcing its
experimental character.

Based on the comparative and interpretative framework described in Section 3.1.4, the
discussion now focuses on the results derived from the systematic comparison between
Moray, Tipén, and Pisaq. This comparison aims to identify shared design principles and dis-
tinctive strategies related to terracing systems, microclimatic management, and adaptation
to topography, contributing to a broader understanding of Inca agricultural engineering.
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From a comparative perspective, Moray, Tipon, and Pisaq represent distinct design
strategies within the Inca agricultural system. Tipon presents a more linear and predictable
spatial structure, organized around a spring and an extensive hydraulic network that effi-
ciently distributes water across terraces and platforms [8,68]. Pisaq, in turn, exhibits greater
spatial complexity, integrating agriculture, urbanism, rituality, and circulation to reinforce
connectivity and territorial control [22,69]. Within this comparative framework, Moray
stands out for a spatial logic that prioritizes environmental experimentation over structural
resilience, explaining both its uniqueness and its greater vulnerability to climatic change.

Functionally, the comparative analysis highlights Moray’s singularity within the Inca
system. While the three sites reflect multifunctional planning that integrates agricultural,
ritual, and social dimensions, the results of this study reinforce the interpretation of Moray
as a space where agricultural experimentation played a predominant role, closely linked
to ceremonial practices associated with agricultural cycles and environmental observa-
tion [44]. At Tipon, water functions as both a practical and symbolic axis through canal
systems extending over 3 km that supplied irrigation, daily use, and ritual activities [6].
At Pisaq, agricultural production is articulated with urban development and community
organization [22]. These functional differences underscore that Moray was not conceived
as a center of extensive production but rather as an agricultural laboratory within the
Inca system.

From a constructive perspective, the comparative results further emphasize Moray’s
distinctiveness. The site primarily employed local materials such as fine sand, soil, and
gravel, arranged to optimize moisture regulation, soil stability, and thermal behavior,
prioritizing environmental performance over monumentality [59]. In contrast, Tipon is
characterized by advanced stone masonry applied to hydraulic infrastructure, while Pisaq
combines finely cut masonry with drainage systems that ensured terrace durability on
steep slopes [6,22,70]. These constructive differences have direct implications for heritage
management, as conservation at Moray depends to a greater extent on maintaining stable
environmental conditions.

Overall, the comparative analysis suggests that Moray’s circular configuration and
pronounced depth, while fundamental to its microclimatic effectiveness, simultaneously
increase its vulnerability to contemporary climatic fluctuations. Unlike the more linear and
structurally robust systems of Tipon and Pisaq, Moray depends on a delicate interaction
among temperature, humidity, solar radiation, precipitation, and wind. Even moderate
environmental variations can affect both the thermal behavior and the structural stability
of the terraces, posing specific challenges for conservation.

These interpretations have direct implications for archaeological heritage management.
The results support understanding Moray not only as an archaeological monument, but as a
dynamic environmental system that requires differentiated management strategies. Rather
than applying generalized conservation models, interventions at Moray must respond
to its specific microclimatic dependence and singular spatial configuration. Continuous
environmental monitoring, preventive assessment of terrace stability, and regulation of
visitor flow emerge as priority measures to reduce environmental stress and anthropogenic
pressure. In this sense, Moray provides a key perspective for Andean heritage manage-
ment by simultaneously evidencing the technical sophistication and inherent fragility of
microclimate-based agricultural systems, reinforcing the need for site-specific and adaptive
conservation approaches over the long term.

6. Conclusions

The spatial, functional, and constructive analysis of the Moray Archaeological Cen-
ter reveals the Andean worldview, based on a close relationship between architecture,
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agriculture, and the environment, as well as a high level of planning aimed at optimiz-
ing agricultural productivity under complex topographic and climatic conditions. The
results confirm that Moray functioned not only as agricultural infrastructure but also as an
integrated system where environmental adaptation, ceremonial practices, and technical
knowledge converged. The concentric spatial configuration, the variations in depth (ap-
proximately 6 to 70 m), and the vertical thermal gradients of up to 15 °C demonstrate that
the site was intentionally designed to generate differentiated microclimates, allowing for
agricultural experimentation with species from different ecological ranges [58]. Likewise,
the sequential arrangement of the circular terraces reflects the application of geometric
principles that contribute to both agricultural efficiency and environmental regulation. The
hydraulic system, based on interconnected channels and filtration layers, reinforces the
sophistication of Inca engineering and its capacity to adapt to high-altitude conditions [18].
Taken together, these elements confirm that Moray constitutes an exceptional example of
integrated landscape engineering, in which architectural form, construction techniques,
and environmental control were deliberately articulated for both practical and symbolic
purposes [58].

Despite its remarkable engineering refinement, the results indicate that Moray exhibits
high sensitivity to current environmental conditions. Evidence of soil erosion, localized
deterioration of the terraces, and dependence on a precise microclimatic balance suggests
that the site is particularly vulnerable to contemporary climate variability. However, a
limitation of the study lies in the availability of long-term environmental data, which
restricts a detailed assessment of the temporal evolution of variables such as soil moisture,
temperature, and structural stability. Furthermore, the analysis is based primarily on
single-point spatial, construction, and climatic data, highlighting the need to complement
these results with continuous monitoring and systematic instrumental measurements.

The findings underscore the need to implement preventive and climate-sensitive
conservation strategies, adapted to Moray’s specific microclimatic dependence. Priority
actions include continuous environmental monitoring, preventive assessment of terrace
stability, and regulation of visitor flow to reduce physical pressure on sensitive areas.
Future research should focus on expanding long-term environmental monitoring, incor-
porating quantitative assessments of soil temperature and moisture, and analyzing the
effectiveness of tourism management strategies. These lines of research will strengthen the
scientific basis for the sustainable conservation of the site, recognizing Moray not as a static
archaeological monument, but as a dynamic environmental system exposed to increasing
climate uncertainty.

It is important to highlight that the Inca culture has left a valuable legacy of sustainable
architecture, evident in their agricultural terrace systems. These structures reflect principles
that closely align with several of today’s Sustainable Development Goals (SDGs): (SDG 8),
Decent Work and Economic Growth; (SDG 12), Responsible Consumption and Production;
(SDG 13), Climate Action; and (SDG 15), Life on Land [51].
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