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Abstract: 

In coastal port cities, resilience is shaped by the way urban growth remains in proportion to 
the natural systems that regulate the territory. This issue is especially visible in intermediate 
Latin American cities, where planning decisions are made with incomplete data and strong 
pressure on infrastructure, ecosystems and land. The article applies the urban 
biotechnosphere framework to assess the relationship between integrated urban 
development and natural-regulating capacity in Manta, Ecuador, between 2010 and 2024. 
The analysis uses a composite indicator structure organized around five components: natural 
component (KP), socio-economic component (KSE), functional component (KF), 
accessibility component (KD) and spatial-environmental quality component (KOSE). Final 
operational indicators were normalized, weighted through a theoretically informed AHP 
structure, and integrated into Kurban and BER. In 2024, BER reached 1.2480, showing that 
integrated urban development exceeded the estimated natural-regulating capacity by 
24.80%. The strongest weakness was KOSE, which declined by 21.60%, followed by a 
moderate reduction in KP. Although functional capacity and accessibility improved, these 
advances did not compensate for the deterioration of natural and spatial-environmental 
conditions. A continuation scenario projects BER = 1.3520 by 2030. The main contribution is 
a planning-oriented diagnostic index for data-constrained coastal cities. For Manta, returning 
toward equilibrium depends on linking sanitation, port-city management, green infrastructure, 
land-use control and ecosystem restoration within the same territorial agenda. 

Keywords: Urban Biotechnosphere; Biotechnosphere Equilibrium Ratio; Coastal Resilience; 
Manta, Ecuador; Sustainable Development Goals; SDG 11; SDG 13; SDG 14; SDG 15 

1. Introduction 

Coastal cities are among the most complex urban systems because they concentrate 
population growth, strategic infrastructure, economic activity, and fragile ecosystems within 
territories highly exposed to climate and environmental change. Their geographical position 
supports port logistics, fisheries, tourism, trade, and urban expansion, but also increases 
exposure to sea-level rise, coastal flooding, storm surges, erosion, ecosystem degradation, 
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and pollution. According to the IPCC, these risks are not only environmental; they also affect 
public health, infrastructure performance, livelihoods, housing conditions, and the long-term 
habitability of coastal settlements. For this reason, coastal urban resilience has become a 
central concern in contemporary urban planning, climate adaptation, and sustainability 
research [1], [2] 

In Latin America, these pressures are intensified by rapid and often uneven urbanization, 
infrastructure deficits, socio-spatial inequality, and fragmented environmental governance. 
Many cities in the region have expanded faster than their sanitation, drainage, waste 
management, ecological protection, and monitoring systems. This generates a cumulative 
imbalance between demographic growth, technological infrastructure, and the ecological 
capacity of the territory to absorb or regulate environmental pressures. In such contexts, 
climate vulnerability cannot be understood only as exposure to natural hazards; it must also 
be analyzed as the result of interactions among urban growth, infrastructure gaps, pollution, 
ecosystem loss, and limited institutional capacity. [3], [4] 

Coastal ecosystems play a decisive role in this relationship. Mangroves, estuaries, wetlands 
and coastal green areas contribute to shoreline stabilization, flood regulation, carbon storage, 
biodiversity conservation, fisheries productivity and livelihood protection. Their ecological 
functions are especially relevant in cities where built infrastructure alone is insufficient to 
reduce environmental risk. Yet these ecosystems are increasingly affected by land-use 
change, hydrological alteration, urban expansion, wastewater discharge, port-related 
activities and climate change. When the degradation of these systems occurs alongside 
urban growth, the city may improve in infrastructure or accessibility while simultaneously 
losing part of the natural capacity that sustains its resilience. [5], [6], [7], [8] 

This tension is also visible from an urban-metabolism perspective. Cities operate through 
continuous flows of energy, water, materials, waste, emissions and land transformation. 
When these flows expand without adequate environmental regulation or infrastructure 
performance, urban systems may generate ecological debt and weaken their own resilience 
[9], [10]. In port cities, this condition becomes particularly relevant because maritime logistics, 
cargo handling, transportation, industrial activity, wastewater discharge and urban expansion 
converge in spatially constrained coastal areas. [11], [12]. Therefore, assessing a coastal 
port city requires an integrated approach that connects population dynamics, infrastructure 
performance, pollutant loads, spatial quality and ecosystem condition. 

Current debates on coastal resilience, urban metabolism and social-ecological-technological 
systems help to read these interactions from different angles. Coastal resilience emphasizes 
adaptation to hazards and long-term habitability. Urban metabolism follows the flows of 
water, energy, materials, waste and emissions that sustain urban life and generate pressure 
on ecosystems.The social-ecological-technological perspective shows that social conditions, 
infrastructure and ecological processes operate together rather than as separate layers of 
the city [13] . For Manta, these perspectives are useful, but they still need an operational 
structure capable of comparing urban development with natural-regulating capacity through 
measurable indicators. 



Within this broader discussion, the urban biotechnosphere framework offers a 
complementary approach for examining the balance between human development, 
technological infrastructure and the biospheric capacity of urban territories. Developed within 
the tradition of biosphere-compatible urbanism and later operationalized in scientific 
publications, this framework conceptualizes the city as an integrated system composed of 
human, functional-technological and natural components. [14], [15]. Its central contribution 
is the idea that urban development should be assessed not only through demographic, 
economic or infrastructural growth, but also through its relationship with the natural 
component that regulates and sustains the system over time. 

Figure 1. Conceptual framework of the urban biotechnosphere applied to Manta, Ecuador. 

 

Source: Authors’ elaboration based on Bakaeva et al. (2020), Emelianov et al. (2019), and 
the urban biotechnosphere framework, with AI-assisted graphic design. 

The contribution of the biotechnosphere framework lies precisely in this relational reading. It 
does not ask only whether a city grows, improves infrastructure or expands accessibility. It 
asks whether that development remains proportionate to the natural-regulating capacity of 
the territory. For coastal port cities, this distinction is relevant because urban growth, logistics, 
sanitation, land-use change and ecosystem degradation are not independent processes; 
they operate together within the same urban-coastal system. Operationalizing this framework 
can therefore help convert a broad theoretical concern into a planning-oriented diagnostic 
indicator 



Manta, located on Ecuador’s central Pacific coast in the province of Manabí, represents a 
relevant case for this type of assessment. It is one of the province’s main urban and economic 
centers and one of Ecuador’s strategic port cities. Its port function connects the city with 
national and international flows of goods, fisheries, logistics and maritime activity, while its 
urban expansion places increasing pressure on infrastructure systems and coastal 
environmental resources. According to official census information, Manta is the second most 
populated canton in Manabí after Portoviejo, confirming its demographic and territorial 
importance within the province. [16] 

Manta was chosen because it represents a coastal intermediate city where uneven urban 
development, port activity, infrastructure demand and environmental pressure converge in 
the same planning problem. Its relevance for this research is not based on assuming that 
Manta is exceptional, but on recognizing that cities of this type need tools capable of 
connecting several dimensions at once. Sectoral information on population, services, port 
activity or vegetation is useful, but it remains insufficient when the planning question 
concerns the equilibrium of the whole urban-coastal system. Previous research on Manta 
has described the city as an intermediate port city shaped by demographic growth, urban 
land consumption, road axes and a fragmented expansion pattern linked to its strategic port 
vocation. [17] This background gives territorial meaning to the use of a multidimensional 
diagnostic framework. 

This reading is also consistent with concrete planning decisions already documented in 
Manta. The city has advanced major water, sanitation, drainage and road-renewal works, 
including a World Bank-supported urban renewal project focused on water and sanitation 
services, roads, accessibility and mobility [18]. At the same time, recent work on the coastal 
edge reports fragmented green areas, ecological degradation and weak connectivity in 
spaces such as Playa Murcielago, Barbasquillo and the Malecon, linking these issues with 
urbanization pressure and the need for green infrastructure and participatory environmental 
governance[19]. These references do not replace the empirical matrix of this article, but they 
help situate why KOSE and functional infrastructure need to be interpreted together in Manta. 

The diagnosis of Manta also reflects a common problem in intermediate Latin American 
cities: limited access to continuous, open and spatially consistent urban-environmental data. 
Population data are available through national census sources, but annual values require 
interpolation or projection when yearly demographic records are unavailable. Port-related 
emissions can be documented through institutional reporting, but they represent the port 
component of the urban technosphere rather than total citywide emissions. Wastewater 
treatment information remains more limited at the municipal scale, and satellite-derived 
indicators of tree cover or coastal vegetation may describe broader territorial trends rather 
than direct mangrove loss within the urban boundary [20]. These constraints define the level 
of inference of the article and make transparent data treatment a methodological requirement 
rather than a secondary detail. 

For this reason, transparent and replicable modelling strategies are needed to support 
environmental planning in contexts where complete local datasets are still under 
construction. The biotechnosphere framework helps organize heterogeneous indicators and 



identify relationships among demographic pressure, infrastructure performance, port activity, 
spatial quality and ecosystem condition, provided that data provenance, scale and treatment 
are explicitly declared. 

Recent Latin American research also reinforces the value of place-based and indicator-
based readings for urban planning in developing contexts. An assessment of urban 
sustainability perceptions in Lurin, Peru, shows how quantitative indicators support territorial 
decision-making when urban change, environmental quality and local perceptions need to 
be interpreted together [21]. Research on Ecuadorian river landscapes and participatory river 
governance adds another element: technical data become more useful when connected with 
territorial experience, social value and local environmental knowledge[22], [23] . This regional 
evidence supports diagnostic frameworks that connect physical, environmental and social 
dimensions without assuming that one sector explains the whole urban condition. 

This reading also connects the article with the Sustainable Development Goals (SDGs). The 
diagnosis relates directly to sustainable cities and communities, climate action, coastal and 
marine protection, and terrestrial ecosystem functions, which correspond to SDG 11, SDG 
13, SDG 14 and SDG 15. The SDGs are not used here as an additional scoring framework. 
They provide a policy horizon for understanding why urban growth, sanitation, ecosystem 
restoration and spatial-environmental quality need to be considered together in coastal 
planning. 

Against this background, the article examines the relationship between integrated urban 
development and natural-regulating capacity in Manta during the period 2010-2024. The 
working hypothesis states that urban growth and functional improvement can coincide with 
a weakening of natural and spatial-environmental components, reducing the equilibrium of 
the urban-coastal system. The analysis therefore concentrates on the final operational 
structure that supports the results: KP, KSE, KF, KD, KOSE, Kurban and BER. These 
components allow the article to connect the problem, the method and the empirical 
interpretation without depending on statistical procedures that are not reported as central 
results. 

The novelty of the article is methodological and territorial. Methodologically, it translates the 
biotechnosphere framework into a measurable diagnostic structure through BER, allowing 
the balance between urban development and natural-regulating capacity to be tracked over 
time. Territorially, it applies this logic to a Latin American coastal port city where planning 
decisions must be made despite fragmented data. The contribution is threefold: adapting the 
biotechnosphere framework to a coastal urban context; proposing BER as a planning-
oriented indicator of equilibrium or imbalance; and showing how ecological restoration, 
sanitation, spatial-environmental quality, port-city environmental management and territorial 
monitoring can be read as connected dimensions of the same resilience agenda. 

2. Materials and Methods 

2.1. Methodological Design 



The empirical work follows a multivariable design grounded in the urban biotechnosphere 
framework. Its purpose is to evaluate how the relationship between urban development and 
natural-regulating capacity changed in Manta between 2010 and 2024. The design is built 
around the evidence that is available for the city and its broader coastal context, rather than 
around an ideal dataset that does not yet exist for many intermediate Latin American 
cities.[14], [15] .  

The assessment is exploratory, diagnostic and proportional to the data. It uses a transparent 
composite-index structure to identify whether Manta’s urban-coastal system moved toward 
equilibrium, ecological overload or reserve natural capacity. The interpretation rests on the 
component indices, Kurban, BER and the 2030 continuation scenario; additional statistical 
checks belong in supplementary material when complete outputs are available. 

The methodological procedure comprises seven stages: (i) selection and justification of the 
final operational indicators; (ii) data collection and classification; (iii) normalization of 
variables; (iv) theoretically informed AHP weighting; (v) construction of component indices; 
(vi) calculation of Kurban and BER; and (vii) descriptive trend and sensitivity analysis. The 
construction of the composite index follows general recommendations for transparent 
indicator design, including explicit indicator selection, normalization, weighting, aggregation 
and sensitivity assessment.[24], [25], [26] 

2.2. Study Area 

Manta is located on the central Pacific coast of Ecuador, in the province of Manabí. It is one 
of the main urban and economic centers of the province and one of Ecuador’s strategic port 
cities. Its urban dynamics combine maritime logistics, fisheries, commerce, tourism, 
residential growth, infrastructure development and coastal environmental pressure. 

Manta was selected because it represents a coastal urban system in which demographic 
growth, port activity, sanitation infrastructure, accessibility, spatial expansion and ecosystem 
condition interact within the same territory. Its port function generates economic benefits, but 
also produces technospheric pressures associated with atmospheric emissions, cargo-
related transport flows, energy demand, pollution, land-use conflicts and ecological 
degradation, which are commonly identified as key environmental challenges in port-city 
systems [11]. At the same time, the city’s coastal location increases its exposure to climate-
related hazards, making the condition of natural ecosystems and green infrastructure directly 
relevant to urban resilience and long-term coastal sustainability. [12] 

For analytical purposes, Manta is treated as an urban-coastal system embedded within the 
broader territorial context of Manabí. Municipal data are used when available; institutional 
port data are used for port-related indicators; and regional, national or satellite-derived 
indicators are used as proxies when continuous annual municipal data are incomplete or 
unavailable. Each indicator is therefore classified according to source, unit, spatial scale, 
data treatment and methodological reliability (Section 2.5). 

2.3. Theoretical Basis of the Indicator System 

The urban biotechnosphere framework assumes that a comfortable, safe and sustainable 
urban environment depends on the balance between the natural environment and the other 



components of urban life [1], [2]. Following Bakaeva et al. [14], the study adopts five analytical 
components: 

• 𝐾𝑃 — natural component; 

• 𝐾ܵܧ — socio-economic component; 

• 𝐾ܨ — functional component; 

• 𝐾ܦ — accessibility component; 

• 𝐾ܱܵܧ — diversity, structural order and spatial-environmental quality component. 

The natural component 𝐾𝑃 is treated as the regulating component of the system, because it 
represents the ecological capacity of the territory to absorb impacts, regenerate 
environmental functions and sustain urban life. The remaining components represent the 
human, infrastructural, accessibility and spatial dimensions of the city. 

The general equilibrium condition of the urban biotechnosphere is expressed as: 1݊ ∑ 𝐾௜௡
௜=1 = 𝐾𝑃,   𝐾𝑃 → max 

where 𝐾௜ is the level of implementation of each urban component, ݊ is the number of 

components considered, and 𝐾𝑃 is the level of the natural-regulating component. The 
condition 𝐾𝑃 → max expresses the normative goal of preserving the regulating capacity of 
the natural component as urban development proceeds. 

Following Ilyichev’s formulation [15], three systemic states are distinguished. The state of 
balanced comfort (biotechnosphere equilibrium): 

1݊ :1ܥ ∑ 𝐾௜௡
௜=1 ≈ 𝐾𝑃 

The state of fatal comfort (ecological overload), in which urban and technological pressures 
exceed the regulating capacity of the natural component: 

1݊ :2ܥ ∑ 𝐾௜௡
௜=1 > 𝐾𝑃 

And the state of reserve comfort, in which the natural component retains a greater capacity 
than the pressure generated by the urban system: 

1݊ :3ܥ ∑ 𝐾௜௡
௜=1 < 𝐾𝑃 

These three states provide the interpretive basis for the empirical equilibrium indicator 
developed in Section 2.10. 

2.4. Indicator Selection and Justification 



The indicator set was designed to approximate the main dimensions of the urban 
biotechnosphere with the information that was available, reconstructable or reasonably 
proxied for 2010-2024. Five criteria guided selection: theoretical relevance to the Bakaeva-
Ilyichev framework [14], [15]; relevance to the coastal urban condition of Manta; availability 
or reconstructability of annual data for the study period; suitability for normalization; and 
usefulness for interpreting the relationship between urban development and natural-
regulating capacity. The article reports the operational indicator domains used to construct 
KP, KSE, KF, KD and KOSE; the supplementary matrix documents the final use, source, 
treatment category and normalized value of each variable. 

2.4.1. Natural Component (KP) 

The natural component represents the environmental-regulating capacity of the territory and 
combines a stock indicator of ecological capacity with three pressure indicators: 𝐾𝑃1 coastal 
vegetation, mangrove or tree-cover area; 𝐾𝑃2 inverse port-related atmospheric emissions; 𝐾𝑃3 inverse wastewater discharge or treatment deficit; and 𝐾𝑃4 inverse solid-waste 

generation or final-disposal pressure. These indicators are central because 𝐾𝑃 is the 
regulating variable of the framework: if 𝐾𝑃 deteriorates while urban pressure increases, the 
system moves toward ecological overload. 

2.4.2. Socio-Economic Component (KSE) 

The socio-economic component represents the demographic and social conditions that 
generate urban demand: 𝐾ܵ1ܧ urban population; 𝐾ܵ2ܧ population density; 𝐾ܵ3ܧ inverse 
poverty or unsatisfied basic needs (NBI); and 𝐾ܵ4ܧ employment or economically active 
population. These indicators capture demographic magnitude, intensity of occupation, social 
vulnerability and economic capacity, jointly describing the human demand placed on 
infrastructure, services, land and natural resources. 

2.4.3. Functional Component (KF) 

The functional component measures the capacity of the city to provide basic urban services: 𝐾1ܨ wastewater-treatment coverage; 𝐾2ܨ drinking-water coverage; and 𝐾3ܨ sewerage or 
sanitation-network coverage. These indicators are essential because sanitation, water 
supply and wastewater treatment directly mediate the relationship between urban growth and 
environmental quality in a coastal setting. 

2.4.4. Accessibility Component (KD) 

The accessibility component measures the capacity of the population to reach essential 
urban functions: 𝐾1ܦ accessibility to health facilities; 𝐾2ܦ accessibility to educational 
facilities; and 𝐾3ܦ accessibility to public transport or main urban roads. Accessibility is 
included because the framework treats access to vital urban functions as part of a 
comfortable and socially oriented urban environment; unequal access can increase 
vulnerability even where infrastructure exists. 

2.4.5. Spatial-Environmental Quality Component (KOSE) 

The spatial-environmental quality component represents diversity, structural order, urban 
form and the relationship between built and green areas: 𝐾ܱܵ1ܧ green area per inhabitant or 



urban green coverage; 𝐾ܱܵ2ܧ inverse built-up expansion or impervious-surface growth; and 𝐾ܱܵ3ܧ urban compactness or land-use efficiency. These indicators matter because spatial 
expansion, impermeabilisation and the loss of green areas affect urban heat, runoff, 
accessibility and ecosystem continuity. 

2.5. Data Sources and Data Treatment 

The study period covers 2010–2024. Data are obtained from official, institutional, municipal, 
satellite-derived and international sources. The main sources are: the National Institute of 
Statistics and Census (INEC) for population, density, poverty/NBI and employment; the 
Decentralized Autonomous Government of Manta (GAD Manta), its Land-Use and 
Development Plan (PDOT) and municipal public-service companies for drinking water, 
sewerage, sanitation, solid waste, facilities and road networks; the Manta Port Terminal 
(TPM) for port-related emissions and environmental reports; Global Forest Watch, the 
Ministry of Environment (MAATE) and satellite/GIS analysis for vegetation, tree cover, 
mangroves, built-up expansion, impervious surface and green areas; the Ministry of Public 
Health (MSP) for health facilities; the Ministry of Education (MINEDUC) for educational 
facilities; and OpenStreetMap or municipal cartography for road and transport accessibility. 
International databases (e.g., the World Bank) are used as proxies only where continuous 
local series are unavailable. 

Each annual value is classified into one of five data-treatment categories: observed data, 
obtained directly from official or municipal records; institutional data, obtained from entities 
responsible for specific urban functions such as port operations; interpolated data, estimated 
between official reference years such as census years; proxy data, representing the closest 
available approximation to a missing municipal indicator; and spatially derived data, obtained 
through GIS, remote sensing or satellite-based analysis. This classification is necessary 
because the indicators differ in spatial resolution and temporal continuity: population data 
rest on census values and inter-census projections; port emissions represent the port 
component of the technosphere rather than total urban emissions; wastewater indicators may 
require proxies where municipal annual data are incomplete; and vegetation indicators may 
describe the broader Manabi coastal context rather than the exact administrative limits of 
Manta. The treatment type of every value should be documented in the Supplementary 
Material and considered in the robustness checks. 

The complete dataset is organized as a longitudinal indicator matrix: ܺ =  [௜௝ݔ]
where ݔ௜௝ is the value of indicator ݆ in year ݅ . Rows index years and columns index indicators: ݅ = 2010,2011, … ,2024 ݆ = 𝐾𝑃1, 𝐾𝑃2, … , 𝐾ܱܵ3ܧ 

The complete annual data matrix and metadata are treated as Supplementary Material for 
transparency and reproducibility. This file documents the source, scale, treatment category, 
normalization direction and use status of each indicator. 



2.6. Normalization of Indicators 

Because the selected indicators have heterogeneous units, they cannot be directly compared 
or aggregated. All indicators are therefore transformed into dimensionless values in the 
interval [0,1] using min–max normalization. 

For positive indicators, where higher values represent a more favorable condition: 𝐾௜௝ = ܳ௜௝ − ܳ௝,minܳ௝,max − ܳ௝,min 

For negative indicators, where higher values represent a less favorable condition, the 
inverse transformation is applied: 𝐾௜௝ = ܳ௝,max − ܳ௜௝ܳ௝,max − ܳ௝,min 

where 𝐾௜௝ is the normalised value of indicator ݆ in year ݅; ܳ௜௝ is the observed value; and ܳ௝,min 

and ܳ௝,max are the minimum and maximum values of indicator ݆ over the study period. After 

transformation, all indicators range from 0 to 1, with values closer to 1 indicating a more 
favorable condition and values closer to 0 a less favorable condition. Positive indicators 
include wastewater-treatment coverage, drinking-water coverage, accessibility to health and 
education facilities, and green area per inhabitant; negative indicators include atmospheric 
emissions, wastewater discharge, solid-waste pressure, poverty/NBI, built-up expansion and 
impervious-surface growth. 

2.7. Weighting through the Analytic Hierarchy Process 

A theoretically informed Analytic Hierarchy Process (AHP) structure is used to make the 
weighting assumptions explicit and internally consistent. AHP is appropriate because the 
biotechnosphere framework involves multidimensional criteria that cannot be reduced to raw 
statistical values alone [25]. In this manuscript, the weighting structure is treated as 
theoretical and author-defined from the conceptual hierarchy of the framework, unless a 
formal expert consultation is documented by the authors. 

First, the decision hierarchy is defined: the goal is the evaluation of the biotechnosphere 
equilibrium of Manta; the criteria are the five components 𝐾𝑃, 𝐾ܵܧ, 𝐾ܨ, 𝐾ܦ and 𝐾ܱܵܧ; and 
the subcriteria are the individual indicators within each component. 

Second, pairwise-comparison matrices are constructed according to the theoretical priorities 
of the framework. In this article, the AHP structure functions as a theoretical weighting 
scheme derived from the internal logic of the biotechnosphere framework. It makes the 
weighting assumptions explicit, ordered and internally consistent, while keeping open the 
possibility of later validation through expert consultation or participatory AHP procedures. ܣ = [ܽ௜௝] 
subject to the reciprocal and diagonal conditions: 



௝ܽ௜ = 1ܽ௜௝ ,  ܽ௜௜ = 1 

Third, the priority (weight) vector is obtained by normalizing each column of ܣ and averaging 
across rows: 

௜ݓ = 1݊ ∑ ܽ௜௝∑ ܽ௞௝௡௞=1
௡

௝=1  

where ݓ௜ is the weight of criterion ݅ , ܽ ௜௝ is the pairwise-comparison value, and ݊  is the number 

of criteria. 

Fourth, the consistency of the pairwise-comparison matrix is evaluated. The consistency 
index is: ܫܥ = maxߣ − ݊݊ − 1  

where ߣmax is the maximum eigenvalue of ܣ. The consistency ratio is: ܴܥ = ܴܥ݊ܫܴ ܫܴܫܥ < ܴܥ0.10 ≥ 0.10 where is the random index for a matrix of size. A value of is 
considered acceptable. The resulting AHP weights are used as coefficients in the 
construction of the component indices and the integrated index. Because the weights 
express a theoretical modelling decision, an equal-weight comparison is used as a sensitivity 
check rather than as an alternative claim of objectivity. 

2.8. Construction of Component Indices 

After normalization and weighting, indicators are aggregated into the five component indices. 
The general form is: 

𝐾ܿ௜ = ∑ ௝௠ݓ
௝=1 𝐾௜௝ 

where 𝐾ܿ௜ is the component index in year ݅, ݓ௝ is the AHP weight of indicator ݆, 𝐾௜௝ is the 

normalised value of indicator ݆ in year ݅, and ݉ is the number of indicators in the component. 
The five component indices are: 

𝐾𝑃௜ = ∑ ௄௉,௝௠಼ುݓ
௝=1  𝐾௄௉,௜௝ 

𝐾ܵܧ௜ = ∑ ௄ௌா,௝௠಼ೄಶݓ
௝=1  𝐾௄ௌா,௜௝ 



𝐾ܨ௜ = ∑ ௄ி,௝௠಼ಷݓ
௝=1  𝐾௄ி,௜௝ 

𝐾ܦ௜ = ∑ ௄஽,௝௠಼ವݓ
௝=1  𝐾௄஽,௜௝ 

𝐾ܱܵܧ௜ = ∑ ௄ைௌா,௝௠಼ೀೄಶݓ
௝=1  𝐾௄ைௌா,௜௝ 

The weights within each component sum to one: 

∑ ௝௠ݓ
௝=1 = 1 

These indices transform the individual indicators into a structured system representing the 
main dimensions of the urban biotechnosphere. 

2.9. Integrated Urban Development Index 

The urban development component integrates the four non-natural dimensions of the model: 𝐾ܾ݊ܽݎݑ௜ = ௜ܧ௄ௌா𝐾ܵݓ + ௜ܨ௄ி𝐾ݓ + ௜ܦ௄஽𝐾ݓ +  ௜ܧ௄ைௌா𝐾ܱܵݓ
where 𝐾ܾ݊ܽݎݑ௜ is the integrated urban development index in year ݅ and ݓ௄ௌா, ݓ௄ி, ݓ௄஽ and ݓ௄ைௌா are the AHP weights assigned to each urban component. If component-level AHP 
weights are not applied, equal weights are used: 𝐾ܾ݊ܽݎݑ௜ = 𝐾ܵܧ௜ + 𝐾ܨ௜ + 𝐾ܦ௜ + 𝐾ܱܵܧ௜4  

This index represents the average level of socio-economic, functional, accessibility and 
spatial-environmental development of the urban system. 

2.10. Biotechnosphere Equilibrium Ratio 

The Biotechnosphere Equilibrium Ratio (BER) compares the integrated urban development 
index with the natural-regulating component: ܴܧܤ௜ = 𝐾ܾ݊ܽݎݑ௜𝐾𝑃௜  

where ܴܧܤ௜ is the ratio in year ݅, 𝐾ܾ݊ܽݎݑ௜ is the integrated urban development index, and 𝐾𝑃௜ is the natural-regulating component. The interpretation follows the three systemic states: ܴܧܤ௜ ≈ 1  ⇒ ௜ܴܧܤ (balanced comfort) 1ܥ  > 1  ⇒  (fatal comfort / ecological overload) 2ܥ 



௜ܴܧܤ < 1  ⇒  (reserve comfort) 3ܥ 

Because BER is a ratio of normalized indices, it is interpreted comparatively across years 
rather than as an absolute physical magnitude. The logic is relational: Kurban approximates 
integrated urban development, while KP approximates natural-regulating capacity. The C1, 
C2 and C3 states are conceptually derived from the biotechnosphere framework, whereas 
the numerical BER thresholds used here are proposed as an operational classification for 
the Manta case study. The ratio therefore translates the Bakaeva-Ilyichev equilibrium 
principle into a measurable urban-environmental indicator [14] while remaining open to 
refinement through comparative applications. 

2.11. Temporal and Component-Based Diagnostic Analysis 

The temporal diagnostic focuses on the evolution of the five component indices, Kurban and 
BER between 2010 and 2024. The primary analytical objective is to determine whether the 
relationship between integrated urban development and natural-regulating capacity moved 
toward equilibrium or imbalance. Component behavior is interpreted jointly with the BER 
trajectory, the operational classification scale and the 2030 continuation scenario. 

The BER trajectory is examined through a linear regression as a function of time: ܴܧܤ௜ = ߙ + ௜ݐߚ +  ௜ߝ
where ܴܧܤ௜ represents the equilibrium ratio in year, ߙ  is the intercept,  ߚ is the annual trend 

coefficient, ݐ௜ ݅ݐ ݏℎ݁ ݈ܾ݁ܽ݅ݎܽݒ ݁݉݅ݐ  and ߝ௜is the residual term. The model is interpreted as a 
description of the constructed index trajectory. 

Given the limited number of annual observations and the use of interpolated, proxy and 
spatially derived indicators, the article is framed as a diagnostic composite-index 
assessment. Its evidentiary basis is the internal coherence among component indices, the 
magnitude and direction of BER, and the consistency between descriptive trends and the 
2030 scenario. 

The central argument rests on the component indices, Kurban, BER, the descriptive temporal 
trend and the 2030 continuation scenario. Additional statistical outputs belong in the 
Supplementary Material only when complete tables, figures and diagnostics are available. 

 

2.12. Sensitivity and Robustness Checks 

Sensitivity analysis evaluates the dependence of the interpretation on modelling 
assumptions. The prioritized checks are: theoretical AHP weights versus equal weights; 
inclusion versus exclusion of proxy and interpolated indicators; and consistency between 
component-level trends and the BER trajectory. These checks support the article as a 
diagnostic composite-index assessment when the supplementary matrix documents 
sources, treatment categories and normalized values. 

2.13. Internal Validation and Transparency 



 Internal validation focuses on the transparency and coherence of the indicatorܨ2ܴܨ2ܴ
system. It verifies the direction of normalization, the consistency of the AHP matrix, the 
influence of proxy and interpolated values, and the stability of the BER interpretation under 
alternative weighting assumptions. 

The conclusions are considered robust when the classification of Manta as C2 remains stable 
across the main sensitivity checks and when the components explaining the imbalance 
remain consistent with the descriptive results. 

2.14. Scenario Analysis to 2030 

Exploratory scenarios to 2030 are constructed from the component indices and the 
Biotechnosphere Equilibrium Ratio. These scenarios are heuristic planning instruments used 
to compare the continuation of the current trajectory with a resilience-oriented target 
pathway. 𝐾2030ܾ݊ܽݎݑ = 2030ܧ௄ௌா𝐾ܵݓ + 2030ܨ௄ி𝐾ݓ + 2030ܦ௄஽𝐾ݓ +  2030ܧ௄ைௌா𝐾ܱܵݓ

and the projected equilibrium ratio is: 2030ܴܧܤ = 𝐾2030ܾ݊ܽݎݑ𝐾𝑃2030  

Each scenario is classified as 2ܥ ,1ܥ or 3ܥ depending on whether the projected relationship 
between urban development and natural-regulating capacity approaches equilibrium, 
exceeds ecological capacity, or maintains reserve capacity. The contrast between scenarios 
illustrates the sensitivity of the city–nature balance to coordinated environmental and 
infrastructural policy. 

2.15. Methodological Scope and Limitations 

The methodological structure organizes the final operational indicator domains into a 
multivariable system aligned with the Bakaeva-Ilyichev biotechnosphere framework [14], 
[15]. It is distributed across natural, socio-economic, functional, accessibility and spatial-
environmental components. 

Three methodological considerations are central to the interpretation of the results. First, 
complete annual municipal data are uneven, making it necessary to distinguish observed, 
interpolated, proxy, institutional and spatially derived values. Second, some indicators 
operate at spatial scales broader than the municipal boundary. Third, the weighting structure 
is theoretical unless the authors provide evidence of formal expert consultation. These 
considerations limit causal claims but strengthen the transparency and reproducibility of the 
diagnostic model. 

Table 1 summarizes the operational indicator structure used to apply the urban 
biotechnosphere model to Manta, including component, indicator domain, type, source, data 
treatment and reason for inclusion. 

Table 1. Final operational indicator structure used for the urban biotechnosphere analysis of Manta. The table 

reports the indicator domains used to construct KP, KSE, KF, KD and KOSE; the Supplementary Information 



documents raw values, sources, treatment categories, normalization, weights and final use in the calculation 
matrix. 

Component Indicator Type Suggested 
source 

Data 
treatment 

Reason for 
inclusion 

KP Vegetation / 
mangrove / 
tree-cover area 

Positive Global 
Forest 
Watch; 
MAATE; 
GIS 

Spatially 
derived 

Ecological 
capacity and 
coastal 
regulation 

KP Port 
atmospheric 
emissions 
(inverse) 

Negative TPM Observed / 
institutional 

Technospheric 
pressure of the 
port 

KP Wastewater 
treatment 
deficit (inverse) 

Negative GADManta
; MAATE; 
WorldBank 
(proxy) 

Observed / 
proxy 

Pressure on 
water bodies 

KP Solid waste 
generated / 
disposed 
(inverse) 

Negative GAD 
Manta; 
PDOT 

Observed / 
interpolate
d 

Material urban 
pressure 

KSE Urban 
population 

Per 
interpretation 

INEC Observed / 
interpolate
d 

Human 
demand on the 
system 

KSE Population 
density 

Per 
interpretation 

INEC; GIS Observed / 
spatially 
derived 

Intensity of 
occupation 

KSE Poverty / NBI 
(inverse) 

Negative INEC Observed / 
interpolate
d 

Social 
vulnerability 

KSE Employment / 
EAP 

Positive INEC Observed / 
interpolate
d 

Socio-
economic 
capacity 

KF Wastewater 
treatment 
coverage 

Positive GAD 
Manta; 
MAATE 
(proxy) 

Observed / 
proxy 

Sanitation 
capacity 

KF Drinking water 
coverage 

Positive GAD 
Manta; 
INEC 

Observed / 
interpolate
d 

Basic service 
provision 

KF Sewerage / 
sanitation 

Positive GAD 
Manta; 
INEC 

Observed / 
interpolate
d 

Urban 
infrastructure 



network 
coverage 

KD Accessibility to 
health facilities 

Positive MSP; GIS Spatially 
derived 

Access to vital 
facilities 

KD Accessibility to 
educational 
facilities 

Positive MINEDUC; 
GIS 

Spatially 
derived 

Access to 
urban 
functions 

KD Accessibility to 
roads / 
transport 

Positive GAD 
Manta; 
OpenStree
tMap; GIS 

Spatially 
derived 

Territorial 
connectivity 

KOSE Green area per 
inhabitant 

Positive GIS / 
satellite; 
GAD 
Manta 

Spatially 
derived 

Urban 
environmental 
quality 

KOSE Built-up 
expansion 
(inverse) 

Negative GIS / 
satellite 

Spatially 
derived 

Spatial 
pressure 

KOSE Impervious 
surface 
(inverse) 

Negative GIS / 
satellite 

Spatially 
derived 

Hydrological 
and thermal 
alteration 

Notes: Per interpretation indicates an indicator whose normalization direction depends on the analytical reading 
adopted for the case study and is fixed a priori in the Supplementary Material. EAP = economically active 
population; NBI = unsatisfied basic needs; TPM = Manta Port Terminal; GAD Manta = Decentralized 
Autonomous Government of Manta; PDOT = Land-Use and Development Plan. 

3. Results 

3.1. Multivariable Data Structure and Component Indices 

The empirical reading is based on a multivariable data matrix constructed for 2010-2024. The 
matrix integrates annual indicators grouped according to the urban biotechnosphere 
framework: the natural component (KP), the socio-economic component (KSE), the 
functional component (KF), the accessibility component (KD) and the spatial-environmental 
quality component (KOSE). Rather than evaluating Manta through a single demographic, 
environmental or infrastructural variable, the analysis reads the interaction among natural 
regulation, urban demand, service capacity, accessibility and spatial-environmental quality. 

Because complete annual municipal values were not available for all indicators, interpolation 
and proportional estimation were applied when necessary. These procedures allowed the 
construction of a continuous analytical series for Manta from 2010 to 2024. The results are 
therefore interpreted as a structured diagnostic analysis supported by observed, institutional, 
proxy, spatially derived and estimated indicators. 

The components of the model are presented in Table 3. 



Table 3. Components of the urban biotechnosphere model. 

Code Component name 
Meaning in the 
model Interpretation 

KP Natural component Natural-regulating 
capacity 

Vegetation, green areas, 
ecosystem condition and 
environmental absorption capacity 

KSE Socio-economic 
component 

Human and 
demographic 
pressure 

Population, density, socio-
economic demand and urban 
pressure 

KF Functional 
component 

Infrastructure and 
service capacity 

Water, sanitation, wastewater 
treatment and basic urban services 

KD Accessibility 
component 

Access to essential 
urban functions 

Access to health, education, 
mobility and socially important 
facilities 

KOSE Spatial-
environmental 
quality component 

Urban form and 
environmental 
quality 

Green area per inhabitant, built-up 
pressure, impervious surface and 
spatial-environmental order 

Each component was transformed into an index using 2010 as the baseline year, where a 
value of 1.0000 represents the 2010 reference condition. Values above 1.0000 indicate 
growth or increase relative to the baseline, while values below 1.0000 indicate reduction or 
deterioration relative to the baseline. The estimated component values for 2024 were KP2024 
= 0.9390, KSE2024 = 1.2602, KF2024 = 1.2789, KD2024 = 1.2107 and KOSE2024 = 0.7840. These 
values show that the natural-regulating component declined by 6.10% relative to 2010, while 
the socio-economic, functional and accessibility components increased. The strongest 
deterioration was observed in KOSE, which decreased to 0.7840 (a 21.60% reduction 
relative to the baseline), indicating that spatial-environmental quality is one of the main 
weaknesses of Manta’s urban-coastal system. The complete set of indices and their 
interpretation is reported in Table 4. 

Table 4. Component indices and interpretation, 2010–2024. 

Component 2010 2024 Change Interpretation 

KP — Natural 
component 

1.0000 0.9390 −6.10% Natural-regulating capacity 
declined 

KSE — Socio-economic 
component 

1.0000 1.2602 +26.02% Socio-economic and 
demographic pressure increased 

KF — Functional 
component 

1.0000 1.2789 +27.89% Functional capacity increased, 
but also reflects higher 
infrastructure demand 

KD — Accessibility 
component 

1.0000 1.2107 +21.07% Accessibility improved relative to 
the baseline 



KOSE — Spatial-
environmental quality 

1.0000 0.7840 −21.60% Spatial-environmental quality 
deteriorated 

Kurban — Integrated 
urban index 

1.0000 1.1719 +17.19% Integrated urban development 
pressure increased 

BER — Biotechnosphere 
Equilibrium Ratio 

1.0000 1.2480 +24.80% Low-to-moderate imbalance 

Figure 2. Biotechnosphere component indices, 2010 vs. 2024. 

 

Fig. 2 compares the 2010 baseline with the 2024 values of the five components and the 
integrated indices. The figure shows that KSE, KF and KD increased over the period, 
whereas KP and KOSE declined. This divergence is central to the interpretation of the results: 
the urban system expanded and improved in several service and accessibility dimensions, 
while the natural and spatial-environmental components weakened. The most pronounced 
decrease is observed in KOSE, which is consistent with spatial-environmental deterioration 
being a key factor in the loss of equilibrium 

3.2. AHP Weighting Procedure and Integrated Urban Index 

The Analytic Hierarchy Process (AHP) was used to assign weights to the components of the 
model. The weighting structure follows the theoretical hierarchy of the Bakaeva-Ilyichev 
biotechnosphere framework, where the natural component has a regulating function and the 
other components represent different dimensions of urban development and pressure. 

The component weights were wKP = 0.35, wKF = 0.25, wKSE = 0.18, wKOSE = 0.12 and wKD = 
0.10, which sum to unity: ݓ௄௉ + ௄ிݓ + ௄ௌாݓ + ௄ைௌாݓ + ௄஽ݓ = 0.35 + 0.25 + 0.18 + 0.12 + 0.10 = 1.00 

The pairwise-comparison matrix was constructed from these theoretical priorities. Because 
the weighting was derived by the authors from the conceptual hierarchy of the framework, it 
is interpreted as a theoretical AHP weighting scheme. Later applications can validate or 



adjust these weights through expert consultation, participatory AHP procedures or 
comparison with equal-weight scenarios. 

Table 5. AHP theoretical pairwise-comparison matrix. 

Component KP KSE KF KD KOSE Weight 

KP 1.000 1.944 1.400 3.500 2.917 0.35 

KSE 0.514 1.000 0.720 1.800 1.500 0.18 

KF 0.714 1.389 1.000 2.500 2.083 0.25 

KD 0.286 0.556 0.400 1.000 0.833 0.10 

KOSE 0.343 0.667 0.480 1.200 1.000 0.12 

The consistency of the matrix was evaluated using the consistency index (CI) and the 
consistency ratio (CR): ܫܥ = maxߣ − ݊݊ − 1  

ܴܥ =  ܫܴܫܥ
For the proposed matrix, λmax = 5.000, CI = 0.000 and CR = 0.000 < 0.10. The weighting 
matrix is mathematically consistent. Because the weights are theoretically defined by the 
authors, later applications can validate or adjust this structure through formal expert 
consultation or participatory processes. 

The integrated urban development index, Kurban, was calculated from the four non-natural 
components (KSE, KF, KD and KOSE). The natural component KP was excluded from 
Kurban because it functions as the regulating component against which urban pressure is 
compared: 𝐾ܾ݊ܽݎݑ௜ = ௄ௌாݓ  𝐾ܵܧ௜ + ௄ிݓ  𝐾ܨ௜ + ௄஽ݓ  𝐾ܦ௜ + ௄ைௌாݓ  𝐾ܱܵܧ௜ݓ௄ௌா + ௄ிݓ + ௄஽ݓ + ௄ைௌாݓ  

Replacing the weights: 𝐾ܾ݊ܽݎݑ௜ = 0.18 𝐾ܵܧ௜ + 0.25 𝐾ܨ௜ + 0.10 𝐾ܦ௜ + 0.12 𝐾ܱܵܧ௜0.65  

For 2024: 𝐾2024ܾ݊ܽݎݑ = 0.18(1.2602) + 0.25(1.2789) + 0.10(1.2107) + 0.12(0.7840)0.65  

𝐾2024ܾ݊ܽݎݑ = 0.2268 + 0.3197 + 0.1211 + 0.09410.65 = 1.1719 

 



This result indicates that the integrated urban development index increased by 17.19% 
relative to the 2010 baseline, mainly associated with the rise of KSE, KF and KD. The 
reduction of KOSE, however, suggests that this urban-development trajectory is not spatially 
or environmentally balanced. 

3.3. Biotechnosphere Equilibrium Ratio and Operational Classification 

The Biotechnosphere Equilibrium Ratio (BER) was calculated by comparing Kurban with the 
natural component KP: ܴܧܤ௜ = 𝐾ܾ݊ܽݎݑ௜𝐾𝑃௜  

For 2024: 2024ܴܧܤ = 1.17190.9390 = 1.2480 

 

This result means that, in 2024, the integrated urban development index exceeded the 
estimated natural-regulating component by 24.80%. The original biotechnosphere framework 
defines C1, C2 and C3 conceptually; the numerical BER ranges used here are proposed as 
an operational classification for the Manta case study. 

Table 6. Operational interpretation scale for BER. 

BER 
range 

State Interpretation Meaning 

BER < 
0.75 

C3 strong reserve Strong natural reserve Natural capacity substantially 
exceeds urban pressure 

0.75 ≤ 
BER < 
0.90 

C3 moderate 
reserve 

Moderate natural 
reserve 

Natural capacity remains higher 
than urban pressure 

0.90 ≤ 
BER ≤ 
1.10 

C1 equilibrium Approximate harmony Urban development and natural 
capacity are approximately 
balanced 

1.10 < 
BER ≤ 
2.50 

C2 low-to-
moderate 
imbalance 

Urban pressure 
exceeds natural 
capacity 

The system is outside 
equilibrium but not yet critical 

2.50 < 
BER ≤ 
5.00 

C2 high 
imbalance 

Strong ecological 
pressure 

Urban development is highly 
incompatible with natural 
regulation 

BER > 
5.00 

Critical C2 Severe structural 
imbalance 

Urban pressure greatly exceeds 
natural-regulating capacity 



According to this scale, BER2024 = 1.2480 satisfies 1.10 < 1.2480 <= 2.50, so Manta is 
classified as C2 - low-to-moderate imbalance. The value remains close to the lower limit of 
C2, indicating that the imbalance requires corrective action but has not reached the highest 
operational category. 

Figure 3. Evolution of the Biotechnosphere Equilibrium Ratio for Manta, 2010–2024. 

 

Fig. 3 shows the evolution of BER between 2010 and 2024. The index increases from 1.0000 
to 1.2480, moving beyond the C1 equilibrium range and into the C2 low-to-moderate 
imbalance range. This trajectory indicates a gradual but persistent departure from equilibrium 
and suggests that urban-functional pressure increased faster than the natural-regulating 
component over the study period. 

3.4. Component Weaknesses Explaining the Imbalance 

The BER result must be interpreted through the behavior of the components. The main 
weakness is observed in KOSE, which declined from 1.0000 to 0.7840, a 21.60% 
deterioration in spatial-environmental quality relative to 2010. This decline is consistent with 
pressure associated with built-up expansion, reduced green-area availability, impervious-
surface growth and the loss of spatial-environmental order. The second weakness is the 
decline of KP, from 1.0000 to 0.9390, indicating that the natural-regulating capacity 
weakened by 6.10%; although moderate, this decline becomes more significant when 
compared with the growth of the urban components. By contrast, KSE increased to 1.2602 
(a 26.02% increase in demographic and socio-economic pressure), KF increased to 1.2789 
(improved infrastructure and services but also higher demand on the urban system), and KD 
increased to 1.2107 (better access to urban functions). These improvements in KF and KD 
do not compensate for the decline in KP and KOSE. 

The desired equilibrium condition can be expressed as Kurbani ≈ KPi. For 2024, Kurban2024 
= 1.1719 and KP2024 = 0.9390, so the absolute gap is: 



𝐾2024ܾ݊ܽݎݑ − 𝐾𝑃2024 = 1.1719 − 0.9390 = 0.2329 

In relative terms: 𝐾2024ܾ݊ܽݎݑ − 𝐾𝑃2024𝐾𝑃2024 × 100 = 1.1719 − 0.93900.9390 × 100 = 24.80% 

This gap explains why Manta is classified as C2. The imbalance is not caused by a single 
isolated factor but by the combined effect of increasing socio-economic and functional 
demand, declining spatial-environmental quality and weakening natural-regulating capacity. 

Figure 4. Percentage change of biotechnosphere components, 2010–2024. 

 

Fig. 4 shows the percentage change of each component between 2010 and 2024. KOSE 
presents the strongest negative change, followed by KP, while KSE, KF and KD increased. 
This contrast visually summarizes the imbalance: urban demand and functional expansion 
increased, whereas spatial-environmental quality and natural-regulating capacity declined. 

3.5. Statistical Trend Analysis of the Equilibrium Ratio 

A descriptive trend analysis was applied to the BER values for 2010-2024. The objective was 
to evaluate whether the equilibrium ratio shows a consistent temporal tendency. The linear 
trend was specified as: ܴܧܤ௜ = ߙ + ݐߚ +  ௜ߝ
and the estimated tendency was: ܴܧܤ௜ = 0.9980 +  ݐ 0.0177

where t = 0 corresponds to 2010. This indicates that BER increased by approximately 0.0177 
units per year during the study period, a tendency consistent with the observed increase from 
1.0000 in 2010 to 1.2480 in 2024. Because BER is derived from the component indices, the 
trend model is interpreted as a description of the constructed index trajectory rather than as 
independent causal evidence; the key finding is the direction and magnitude of the index — 



its progressive movement from the C1 equilibrium range toward a low-to-moderate C2 
imbalance — not the explanatory power of a causal model. 

 

3.6. Projection of the Biotechnosphere Equilibrium to 2030 

A continuation scenario for Manta was estimated using the observed tendency between 2010 
and 2024. This scenario extends the current BER trajectory as an exploratory planning 
reference. Using the trend equation: ܴܧܤ௜ = 0.9980 +  ݐ 0.0177

for 2030 (t = 20): 2030ܴܧܤ = 0.9980 + 0.0177(20) = 1.3520 

According to the operational scale proposed in this article, this value remains within the range 
1.10 < BER <= 2.50, so under a continuation scenario Manta remains in C2 - low-to-moderate 
imbalance. The projection also places the city farther from the C1 equilibrium range. A 
resilience-oriented target requires reducing the index toward BER2030 -> 1.0000, which 
corresponds to the condition Kurban2030 ≈ KP2030. In policy terms, returning toward C1 
requires strengthening KP, improving KOSE and ensuring that functional infrastructure 
reduces environmental pressure rather than simply accompanying urban expansion. 

 

Figure 5. BER projection for Manta to 2030. 

 

 



Fig. 5 compares the continuation scenario with a resilience-oriented target pathway. The 
continuation scenario projects BER2030 = 1.3520, keeping Manta in C2 and farther from 
equilibrium, whereas the resilience target pathway shows the desired transition toward BER 
= 1.0000, the operational condition for C1 equilibrium. The figure illustrates the difference 
between continuing the current trend and orienting policy toward biotechnosphere 
equilibrium. 

3.7. Synthesis of Results 

The central empirical signal is BER2024 = 1.2480, placing Manta in a state of C2 low-to-
moderate biotechnosphere imbalance: integrated urban development exceeds the natural-
regulating component by 24.80%. The weakest dimension is KOSE, followed by the decline 
of KP, which links the imbalance to spatial-environmental quality and natural-regulating 
capacity. Improvements in KF and KD did not compensate for the growth of socio-economic 
pressure and the deterioration of the natural-spatial system. Under the continuation scenario, 
BER would increase to 1.3520 by 2030. The biotechnosphere reading therefore indicates 
that Manta’s transition toward equilibrium depends on restoring natural capacity, improving 
spatial-environmental quality, controlling urban expansion, reducing environmental pressure 
and ensuring that infrastructure development contributes to ecological balance. 

 

4. Discussion 

4.1. Interpretation of the Biotechnosphere Imbalance in Manta 

Manta’s urban-coastal system has moved away from its initial equilibrium reference condition 
and entered a low-to-moderate state of biotechnosphere imbalance. Over the study period, 
the Biotechnosphere Equilibrium Ratio increased from BER = 1.0000 in 2010 to: 2024ܴܧܤ = 1.2480  ⇒  (low-to-moderate imbalance) 2ܥ 

This increase describes a system in transition. Manta remains below the highest imbalance 
categories, yet its urban-functional trajectory is no longer proportionate to the ecological and 
spatial-environmental components that sustain long-term habitability. The interpretation 
follows the logic of the urban biotechnosphere framework: improvements in socio-economic 
demand, functional capacity or accessibility acquire resilience value only when they remain 
aligned with the regulating capacity of KP[14], [15].  

4.2. The Critical Role of KOSE and KP 

The behavior of the BER must be interpreted through the behavior of the components rather 
than as an isolated value. The principal weakness identified in the system is the deterioration 
of the spatial-environmental quality component: 𝐾ܱܵ2024ܧ = 0.7840 

which corresponds to a reduction of 21.60% relative to the 2010 baseline. This decline can 
be interpreted as evidence that spatial-environmental quality has become one of the most 



vulnerable dimensions of Manta’s urban-coastal system. In conceptual terms, KOSE 
expresses urban form, the availability of green areas, impervious-surface dynamics, 
ecological continuity and the spatial organization of growth; its deterioration therefore 
suggests that the imbalance is not explained only by population or infrastructure demand, 
but also by the way in which the city is spatially structured. 

The second critical component is the natural-regulating component: 𝐾𝑃2024 = 0.9390 

Although numerically moderate, this decline is significant because KP is the regulating 
component of the model. In the biotechnosphere framework, the natural component forms 
the basis that enables long-term comfort, safety and habitability. [14], [15]. Consequently, 
even a moderate reduction in KP becomes relevant when the socio-economic and functional 
components grow simultaneously: 𝐾2024ܾ݊ܽݎݑ = 1.1719,   𝐾2024ܾ݊ܽݎݑ > 𝐾𝑃2024 

This inequality summarizes the imbalance: the rise of KSE, KF and KD does not compensate 
for the decline of KP and KOSE. The framework makes this contradiction visible. A city can 
expand services, improve accessibility and increase functional capacity while still drifting 
away from equilibrium when the natural and spatial-environmental components weaken. This 
is one of the main interpretive contributions of the approach: it avoids treating urban growth 
or infrastructure expansion as sufficient evidence of sustainable development [14] 

 

4.3. Theoretical Contribution of the Biotechnosphere Equilibrium Ratio 

One methodological contribution of the article is the operationalization of the 
biotechnosphere framework through a measurable ratio. The original framework defines the 
states C1, C2 and C3 conceptually, according to the relationship between the average 
development of the urban components and the natural component. BER translates that 
principle into a diagnostic ratio: ܴܧܤ௜ = 𝐾ܾ݊ܽݎݑ௜𝐾𝑃௜  

The interpretation is direct: BER ≈ 1 indicates approximate equilibrium; BER > 1 indicates 
that integrated urban development exceeds natural-regulating capacity; and BER < 1 
indicates reserve natural capacity. The operational thresholds applied in this article classify 
the distance from equilibrium in the Manta case study. Comparative applications in other 
coastal cities, expert consultation and sensitivity analysis can refine these thresholds. In this 
sense, BER is best understood as a diagnostic bridge between systemic theory and planning 
practice: it translates an abstract equilibrium principle into a monitorable indicator without 
reducing the complexity of the urban-coastal system to a single causal mechanism. 

4.4. Planning and Policy Implications for Manta 



For planning, the case of Manta shows why coastal resilience cannot be reduced to 
infrastructure provision or isolated environmental actions. The increase in functional and 
accessibility components suggests improvement in some dimensions of urban development. 
However, the simultaneous decline of KOSE and KP indicates that these improvements have 
not been sufficient to maintain equilibrium with the natural-regulating capacity of the territory. 
Infrastructure contributes to resilience only when it reduces pressure on the natural 
component and improves the spatial-environmental quality of the urban system. This 
interpretation is consistent with urban-metabolism research, which links urban sustainability 
to the organization of flows of water, energy, materials, waste and emissions [9], [10], and 
with port-city literature, where environmental challenges emerge from the concentration of 
logistics, transport, industry, waste generation and coastal ecological pressure within the 
same territory[11], [12]. 

KOSE is especially important because it connects urban form with environmental 
performance. A city can expand services and improve connectivity while still increasing 
impervious surfaces, reducing green areas, fragmenting ecological continuity or weakening 
the spatial conditions that support environmental regulation. For this reason, KOSE is not a 
secondary landscape variable. It expresses the territorial form through which environmental 
pressures are produced, accumulated or mitigated. 

4.5. Interpretation of the 2030 Projection 

The projection to 2030 reinforces this interpretation. It is constructed as an analytical 
extension of the tendency observed between 2010 and 2024. Using the estimated linear 
trend of the equilibrium ratio: ܴܧܤ௜ = 0.9980 +  ݐ 0.0177

with t = 0 corresponding to 2010, the projection for 2030 (t = 20) is: 2030ܴܧܤ = 0.9980 + 0.0177(20) = 1.3520 

The projected value keeps Manta within the C2 low-to-moderate imbalance range, but farther 
from the C1 equilibrium threshold. Its analytical value lies in showing the direction of the 
system under current tendencies. In this sense, BER works as an early-warning indicator: it 
does not explain every causal mechanism behind urban-environmental change, but it helps 
identify when the overall trajectory of the city is moving away from equilibrium. 2030ܴܧܤtarget → 1.0000,   𝐾2030ܾ݊ܽݎݑ ≈ 𝐾𝑃2030 

In practical terms, future urban development in Manta needs to strengthen the natural-
regulating component, improve spatial-environmental quality and ensure that infrastructure 
expansion contributes to ecological balance. 

Similar lessons appear in post-disaster planning research in Manabí. Work on Ecuadorian 
housing resettlements after the 2016 earthquake emphasizes that long-term urban 
wellbeing depends on design processes connected with local geography, social conditions, 
public space and the capacity to co-produce solutions with local actors [27]. For this article, 
that lesson reinforces the planning meaning of BER: the indicator does not prescribe a 



single intervention, but it helps identify when several sectors need to be coordinated in the 
same territorial agenda. 

4.6. Methodological Caution and Data Constraints 

Interpretation remains tied to the nature of the underlying data. The analysis combines 
observed, institutional, proxy, interpolated and spatially derived indicators because 
continuous municipal series are not available for every variable. This is not a minor technical 
detail; it reflects the way many intermediate Latin American cities still produce and share 
environmental information. The value of the method depends on making these decisions 
visible and traceable. 

BER and the component indices work as a structured diagnostic approximation. They 
organize available evidence, show which components explain the imbalance and point to 
where planning needs to intervene. For this reason, the annual matrix and metadata are part 
of the scientific argument, not only supporting material. They show how each value was 
treated before it became part of KP, KSE, KF, KD, KOSE, Kurban or BER. 

For Manta, the value of this reading is not that it reduces the territory to a single number. The 
value lies in forcing several dimensions of the urban-coastal system to be interpreted 
together. Place-based research on participatory river governance in Ecuador and 
sustainability perceptions in Peru has shown that urban socio-environmental problems are 
experienced through specific landscapes, infrastructures, public spaces and local forms of 
knowledge [22], [23]. BER adds a comparable diagnostic layer to that discussion by linking 
the spatial form of growth with the natural capacity that supports urban life. 

From the perspective of the SDG agenda, this contribution is practical rather than rhetorical. 
SDG 11 places cities, safety and resilience at the center of sustainable development; SDG 
13 frames climate adaptation as a development concern; SDG 14 and SDG 15 remind 
planning institutions that coastal and terrestrial ecosystems are part of the same 
environmental support system. In Manta, these goals meet in very concrete decisions: where 
urban expansion is allowed, how sanitation infrastructure is prioritized, how port-related 
pressures are managed, how green areas are protected and how coastal vegetation is 
restored. BER does not measure the SDGs directly, but it gives planners a way to read 
whether those decisions are moving in the same direction or pulling the city apart. This is 
useful in a context where responsibilities are distributed across municipal, port, 
environmental and community actors. 

4.7. Contribution to Biotechnosphere Research and Coastal Urban Resilience 

Beyond the specific case, the article contributes to biotechnosphere research by bringing a 
mainly conceptual framework into an applied urban-coastal context. The Manta case makes 
visible a planning problem that is difficult to see through isolated indicators: a city can improve 
accessibility and functional infrastructure while losing spatial-environmental quality and 
natural-regulating capacity. This relational reading is the main reason for using BER. 

Taken together, the evidence supports a clear but cautious interpretation: in 2024, Manta 
presents a low-to-moderate C2 imbalance because integrated urban development exceeds 
the natural-regulating component. The imbalance remains within a range where corrective 



action is feasible, but the continuation scenario indicates that it can deepen by 2030. The 
transition toward C1 requires restoring the balance between urban development, spatial-
environmental quality and natural-regulating capacity. 

5. Conclusions and Recommendations 

The urban biotechnosphere framework made it possible to assess the relationship between 
integrated urban development and natural-regulating capacity in Manta, Ecuador, between 
2010 and 2024. Five components - KP, KSE, KF, KD and KOSE - were used to calculate 
Kurban and BER. This structure kept the analysis focused on what the available data support: 
the proportional relation between the city’s development trajectory and its natural-regulating 
base. 

Manta moved away from its 2010 equilibrium reference condition. BER increased from 
1.0000 in 2010 to 1.2480 in 2024, indicating that integrated urban development exceeded 
the estimated natural-regulating capacity by 24.80%. According to the operational scale 
proposed for this case, the city is classified as C2, a low-to-moderate imbalance condition. 2024ܴܧܤ = 1.2480 

The imbalance is explained mainly by the deterioration of the spatial-environmental quality 
component KOSE, which decreased to 0.7840 in 2024, and by the decline of the natural 
component KP, which decreased to 0.9390. These results suggest that the central challenge 
for Manta is not only demographic growth or infrastructure demand, but the weakening of 
spatial-environmental quality and natural-regulating capacity. Although the functional 
component KF and the accessibility component KD increased over the period, these 
improvements were not sufficient to compensate for the decline in KP and KOSE. 

The 2030 continuation scenario projects BER = 1.3520, keeping Manta within the C2 range 
and moving the city farther from the C1 equilibrium threshold. The projection is an early-
warning signal derived from the observed trajectory, not a deterministic forecast. 2030ܴܧܤ = 1.3520 

A methodological contribution lies in translating the biotechnosphere framework into an 
operational diagnostic index applicable to a coastal Latin American city. BER does not 
replace detailed environmental, hydrological or spatial studies; its value is to monitor whether 
the relationship between urban development and natural-regulating capacity is moving 
toward equilibrium or imbalance. ܴܧܤ௜ = 𝐾ܾ݊ܽݎݑ௜𝐾𝑃௜  

For Manta, strengthening the natural component KP needs to become a central resilience 
strategy rather than a secondary environmental action. This requires protecting and restoring 
coastal vegetation, green areas, ecological corridors and natural buffers capable of improving 
environmental regulation. 

Recovering KOSE is equally important because the form and quality of urban space influence 
environmental comfort, runoff, heat exposure and ecosystem connectivity. Planning 



therefore needs to control built-up expansion, reduce impervious-surface growth, increase 
green area per inhabitant, improve the continuity of public and ecological spaces and 
integrate nature-based solutions into urban development. 

Functional infrastructure needs to be oriented toward environmental performance. Service 
expansion is necessary, but its resilience value depends on reducing pressure on the natural 
system. Priority must be given to wastewater treatment, sanitation improvement, solid-waste 
management, water efficiency and infrastructure that reduces pollutant loads and supports 
ecological regeneration. 

BER also works as a monitoring tool for urban planning. Periodic calculation allows local 
authorities, planners, researchers and decision-makers to assess whether Manta is moving 
toward C1 equilibrium or deeper into C2 imbalance. 

The municipal data system remains a priority. Future applications need more precise annual 
data on wastewater treatment, emissions, solid waste, green areas, impervious surfaces, 
accessibility, land-use change and ecosystem condition. The AHP weighting scheme and the 
BER thresholds also require validation through expert consultation, participatory processes 
and comparative applications in other coastal or port cities. 

The results reinforce the need for systemic perspectives in public policy. For Manta, the 
transition toward equilibrium is not a sequence of isolated sectoral actions. It is a planning 
agenda that connects sanitation, port-city environmental management, land-use control, 
green infrastructure, territorial monitoring and ecosystem restoration. This agenda also 
contributes to the SDG horizon, especially SDG 11, SDG 13, SDG 14 and SDG 15. [28] 

Transversally, these results highlight the importance of incorporating systemic perspectives 
into public policy, approaches capable of connecting environmental performance, social well-
being, and economic viability, while addressing real sustainability demands. As noted by 
Simbaña-Escobar, Mena-Hernández, Chérrez-Córdova & Alvarado-Arias (2025), systemic 
approaches enable the integration of technical, environmental, and financial criteria into 
planning processes, optimizing public investment decisions [29]. Applied to coastal 
management, this principle entails articulating sanitation, logistics decarbonization, and 
ecosystem restoration strategies within a single framework of institutional coordination and 
community participation. 

Moreover, this study relates to previous research in Ecuador showing that inequalities in 
access to services are linked to the coexistence of various structural, urban, social, and 
climatic challenges. [30], [31], [32]. These studies suggest that sustainability and resilience 
in Ecuadorian cities cannot be understood only from a technical or environmental 
perspective, but must also consider spatial inequalities, infrastructure conditions, urban 
dynamics, and local climatic contexts. In this sense, they highlight that developing cities 
require integral and context-specific responses, rather than the application of generic 
solutions. 

In summary, Manta still has room to redirect its development trajectory. The city is not in a 
critical imbalance condition, but BER indicates a clear movement away from equilibrium. 
Returning toward C1 requires more than adding infrastructure. It requires treating spatial-



environmental quality and natural-regulating capacity as central planning variables, with the 
same relevance as services, accessibility and economic functions. 
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