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At the time of the development of H.T. Odum’s energy system theory, the field of agroecology was not yet
defined as a scientific discipline. Nevertheless, minimal models were already proposed to describe what today are
referred to as agroecological and land restoration practices. In this work, we review literature from the early
1970s to nowadays by tracing a red thread to connect the original formulation of the energy system language
with the current understanding of agroecology and land restoration. In the light of this picture, we draw a
general application of the energy systems language and modeling to describe land use and land restoration
dynamics. We apply this scheme to model and reproduce the land use dynamics of a real restoration project led
by a farmers’ family in Mato Grosso do Sul, Brazil. The case study of Sitio Luciana shows the transformation of a
monocultural and partially degraded land into a biodiverse, food-producing area by developing a complex
agroecosystem owing to human work and farmers’ local ecological knowledge. As an application of the energy
system language, we build a dynamical model that closely reproduces observed GIS-retrieved patterns (global
RMSE ~2%), highlighting human-mediated ecological succession—targeted at restoring Atlantic Forest—as key
to agroecosystems development, and offering scientific validation of the farmers’ local ecological knowledge.
This work shows that the energy systems theory and modelling approach, as inherited from H.T. Odum, can: 1)
deepen the understanding of local agroecosystem and land system dynamics, including human management; 2)
inform the development of non-linear models grounded in both scientific and local knowledge; and 3) offer
conceptual guidance for land management and policy strategies.

1. Introduction 2018; Feng et al., 2022; Lawrence et al., 2016; Leeprakton et al., 2018).

At the same time, agroecology emerged as a holistic paradigm, inte-

The future of land systems is crucial for the stability and resilience of
Earth’s life-support systems, with industrial growth, population in-
creases, and land-use changes all tightly interconnected with the climate
and ecological crises humanity faces. Unsustainable agricultural prac-
tices and biosphere degradation are central to understanding the global
land system and steering current trajectories toward sustainability
(Arneth et al., 2021; Pravalie, 2021; Rockstrom et al., 2009; Taylor and
Rising, 2021). Over the past 30 years, scholars, academic institutions,
and governments have worked together to classify, quantify, and model
land system evolution at global and regional scales, aiming to inform
land management strategies and sustainability policies (Brainich et al.,
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grating scientific, traditional and local knowledge to address land-use
sustainability (Altieri, Nicholls, de Molina, et al., 2024; Altieri and
Toledo, 2005; Nicholls and Altieri, 2018; Floridia et al., 2024), climate
adaptation (Conte et al., 2024; Altieri et al., 2015; Bezner Kerr et al.,
2023; Dittmer et al., 2023), social justice, and equity (Gliessman, 2016;
Lopez-Ridaura, 2022; Rosset et al., 2022), which gained growing
recognition within institutional and policy frameworks.

Classical approaches in land system science have effectively quan-
tified and forecasted spatial and temporal transformations of landscapes
to support land-use planning and management. These models were used
primarily to predict spatial-temporal landscape patterns and perform
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scenario analysis, typically relying on data-driven and process-based
parametrization methods, including regression methods, spatial infer-
ence methods, network models, Markov models, Earth system models,
integrated assessment models, and agent-based models (Chen et al.,
2025; Noszcezyk, 2019; Parker et al., 2003). Despite the high predictive
accuracy of existing models, the explicit use of systems theory in land
use modeling frameworks remains limited, motivating the need for more
theoretically grounded perspectives to uncover core processes, feedback
mechanisms, and non-linear behaviors that drive land-use changes and
landscape dynamics (Rounsevell et al., 2012; Verburg et al., 2015,
2019).

Recently, the fields of landscape ecology and agroecology have been
influencing each other, with some scholars advocating for the devel-
opment of agroecological landscapes as a transformative path to guide
agricultural and land systems toward sustainability (Jeanneret et al.,
2021; Kremen and Merenlender, 2018; Nicholls et al., 2001; Priyadar-
shana et al., 2024; Redlich et al., 2018). Agroecology, historically
developed also as a theoretical discipline, seeks holistic frameworks to
understand and define sustainable relations between humans, agricul-
tural environments and food (Caporali, 2015; Garcia-Polo et al., 2021;
Lopez-Garcia et al., 2021). However, modeling approaches in agricul-
tural sciences have been limited and generally more focused on bio-
physical and physiological mechanistic models, traditionally developed
within the crop science and the environmental economics communities,
primarily applied to study the effects of plant-environment interactions
on yields and agroecosystem services, but rarely adopting a broader
systems-based approach (Di Paola et al., 2016; Gavasso-Rita et al.,
2024). In contrast, systems thinking and theory, underpinned by
non-linear systems modeling, is increasingly seen as a promising path
toward a more comprehensive understanding of agroecosystem and
agricultural landscape processes and dynamics (Benitez et al., 2022; Ong
and Liao, 2020; Tixier et al., 2013; Vandermeer, 2020; Walters et al.,
2016).

Energy systems theory was developed by H.T. Odum in his early
works (Odum and Pinkerton, 1955; Odum, 1971, 1973) and was suc-
cessively developed towards emergy theory (Odum, 1996; Brown et al.,
2004; Brown and Ulgiati, 1997; Tilley, 2015), also related to the
maximum power principle (Hall and Mcwhirter, 2023; Odum, 1988;
Odum and Hall, 1995). It has been widely applied to socio-ecological
contexts, particularly in studying the sustainability of land use, agri-
cultural productions and agroecosystems. It offers tools to integrate
biophysical constraints on land systems, biotic activity, and human en-
ergy flows within a physically based framework designed: 1) to address
“what if” questions through minimal non-linear systemic models, and 2)
to assess sustainability of complex socio-ecological systems through
integrated assessment metrics. While the emergy framework was
applied to evaluate the integrated sustainability of industrialized agri-
cultural productions, food supply-chains (Artuzo et al., 2021; La Rosa
et al., 2008; Shah et al., 2019; Spagnolo et al., 2020; Wright and
Ostergard, 2016; Zhang et al., 2012), food networks (Cristiano, 2021),
indigenous and local food systems (Comar, 2004; Comar et al., 2019),
agroecosystems (Watanabe and Ortega, 2014), and urban landscapes
(Huang et al., 2007), the energy systems language and modeling tools —
as originally conceived by H.T. Odum - have been underutilized to
simulate the time evolution of agroecological and land systems.

To address this gap, which also relates to the trade-off between
predictive accuracy of models and their ability to advance theoretical
understanding, we developed a minimal, physical-based modeling
framework designed to capture the dynamics of land systems in a
generalizable manner, incorporating both biotic and human activities. It
was applied to reproduce the land-use patterns of Sitio Luciana, a family-
run agroecological farm in Central-Western Brazil. This case study in-
vestigates the transformation of approximately 15 hectares of partially
degraded monocultural land into a diversified agroecosystem, including
semi-natural forests, agroforestry, and horticultural areas. This complex
land system evolved through human work and the integration of the
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farmers’ local ecological knowledge, which we incorporated into the
model as management practices supporting land flows. At Sitio Luciana,
the key issue lies in the recovery of the Atlantic Forest habitat through
the development of agroforestry and horticultural areas, where forest
restoration occurs with human-managed agroforestry and horticulture
supporting both biodiversity and food production. We simulated land-
use change over 15 years, successfully reproducing observed temporal
patterns derived from Earth observation data. Synergistic interactions
between farmers’ management practices and ecological successions
appeared crucial to the restoration of the Atlantic Forest, offering a
robust theoretical explanation for the farmers’ interventions and vali-
dating their local ecological knowledge.

Our approach emphasizes the potential of minimal, physical-based
non-linear models in agroecology and land system science, high-
lighting the ability of the energy system language to capture the dy-
namics of local farm and land systems, to support participatory
modeling by integrating farmers’ insights, and to create physical-based
land-use scenarios to inform local land management decisions. This
approach has significant potential for guiding sustainable land man-
agement practices and policy frameworks based on systemic analysis,
which integrate both scientific and local knowledge in agroecological
contexts.

2. Methodology

We introduce a physically based modeling framework for land sys-
tems and agroecosystems, integrating both biotic and human activities.
The approach is conceptualized using the stock-flow energy systems
language (Odum and Odum, 2000), providing a general template
applicable at farm, landscape, regional, and global scales. Established
socio-ecological concepts from literature are employed to define
land-use categories (Ellis et al., 2010, 2021).

As illustrated in Fig. 1, the framework identifies a general land sys-
tem state using five land stocks: available (L), natural (Ly), semi-natural
(Lsy), intensive (Lp), and degraded (Lp), measured in area units (e.g.,
km?). Natural land is defined as land free of human habitation. Semi-
natural (or cultured) land refers to areas inhabited and cultivated sus-
tainably by humans (e.g., polycultures, indigenous cultural systems,
agroecology, permaculture), supporting habitat biodiversity. Intensive
land describes areas cultivated primarily through fossil-fuel-based
technologies and practices that often negatively affect natural habitats
(e.g., use of pesticides, synthetic fertilizers, heavy machinery, GMOs).
Degraded land refers to formerly intensive areas experiencing long-term
environmental pressures and thus becoming less suitable for cultivation
(e.g., severely degraded soils).

The system is assumed to be closed, conserving total land area while
allowing energy flows into and out of it. We concentrate on the land
cycle in relation to biotic, human and fossil available energy, defined as
internal and free energy that can be transformed into useful work. Land
stocks are interlinked with the different energy sources and stocks: a
flow limited renewable energy source (R), encompassing solar radiation,
wind kinetic energy, rainfall, and chemical energy stored in soil water; a
stock of biotic energy (B), defined as the available chemical energy from
biotic activity; a stock of human energy (H), defined as the available
energy from human activity; and a stock of fossil energy (FF), defined as
non-renewable energy stock.

In the diagram presented in Fig. 1, we illustrate the primary hier-
archy of a general land system and the typical interactions among
different land stocks. The available land stock can be converted into
natural, semi-natural, or intensive land. Each land stock, including
degraded land, has its own turnover rate and eventually cycles back into
available land. Natural land can become semi-natural land through
human interventions, such as management practices in buffer zones
surrounding protected areas. Conversely, semi-natural land can either
regenerate into natural ecosystems via ecological succession or transi-
tion into intensive land due to agricultural expansion, often resulting in



L. Conte et al. Ecological Modelling 510 (2025) 111307

LAND SYSTEM \

LAND CYCLE \

—®

> 7 Y,

Fig. 1. The conceptual model of a land system represented by five land stocks: available (L), natural (Ly), semi-natural (Lsy), intensive (L;), and degraded (Lp),
measured in area units. Transitions among stocks occur through natural processes and human interventions. Natural land may shift to semi-natural through man-
agement; semi-natural may revert to natural or intensify; intensive land can degrade or be restored; and degraded land results from long-term unsustainable use.
Biotic and human energy stocks influence and benefit from these transitions, while fossil energy enters externally, driving intensive land use.
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Fig. 2. Two minimal models simulating the temporal dynamics of land stocks. Upper panels: (a.) land cycle with biotic activity, representing dynamics typical of
natural systems. (b.) Available land (L) is fully converted into natural land (Ly) through biotic energy (B) driving primary production. The biotic energy stock in-
creases with land conversion, peaks, and then stabilizes—indicating two distinct phases of ecosystem development. Lower panels: (c.) semi-natural land cycle with
both biotic and human activity. (d.) Human energy (H) collaborates with biotic processes to produce useful energy for both, reflecting traditional and agroecological
systems where humans function as key partners in ecosystem functioning.
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habitat loss. Intensive land areas may be converted into semi-natural
land through targeted human interventions, including habitat restora-
tion and the adoption of agroecological practices. Degraded land arises
from the deterioration of intensive land caused by unsustainable man-
agement practices, such as use of pesticides and herbicides and intensive
agricultural practices that lead to the decline of biological communities.
The biotic and human energy stocks (measured in energy units, e.g., J)
benefit from the yields produced by the land cycle, while both directly
intervene on the land cycle by changing flow rates and allowing tran-
sitions between land categories. Fossil fuel energy is external to the
system as generally purchased to support the growth of the semi-natural
and intensive land stocks.

In Fig. 2, we illustrate two conceptual models to simulate the time
evolution of land stocks. In the upper panels, we model a minimal land
cycle with biotic activity. This model shows stylized dynamics typical in
natural system structures, as described in early seminal works (Odum,
1973; Odum, 1969): the available land stock is completely converted
into natural land by the contribution of biotic energy to the process of
primary production. The stock of biotic energy grows with the land stock
reaching a maximum value, then decreases to a stable value, depicting
two different regimes of ecosystem development (Holling, 1973; Levin,
1998; Odum, 1969; Walker et al., 2004). In the lower panels, we model a
minimal semi-natural land cycle with biotic and human activity. In this
model, the3 human energy stock cooperates with the biota to yield
useful energy for both, resampling Indigenous and agroecological sys-
tems (Comar, 2004, 2019) with humans contributing with diverse work
as stable essential partners of the agroecosystem (Odum, 1971, 1973).

Pacific
Ocean

Atlantic
Ocean

Mato Grosso do
Sul

O
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The minimal models described in Fig. 2 highlight the modularity and
flexibility of the approach, favoring control on model design and
parameter setting. In this realm, applying the energy system language
enables building minimal models of land cycles that reduce the number
of parameters and enable experts’ control on the system dynamics.

2.1. Case study

We apply the modelling framework to simulate 15 years of agro-
ecological land-use management at Sitio Luciana (22°0951.9'S;
54°53'05.6"W), a farm located in Dourados (Mato Grosso do Sul, Brazil).

The area of Dourados, situated in the Central-Western Brazil, close to
the border with Paraguay, lies within the humid subtropical climatic
zone with a moderately pronounced seasonal cycle, characterized by hot
and humid summers and mild winters (Alvares et al., 2013). The soil in
this area has very peculiar characteristics. It is known as Latosol (Filho
et al., 2010) a very fertile soil that originates from millions of years of
decomposition of basaltic rocks, which result in its typical red color,
named in the common language “Terra roxa” (red earth). Owing to its
hydro- and pedoclimatic characteristics, the area of Dourados has seen
great agricultural expansion and intensification from the 1990s, domi-
nated by a conventional agribusiness model based on few cash crop
productions - namely soybeans, corn and sugarcane - directed to the
global market (Bonini et al., 2018; Song et al., 2021). Such agricultural
models - oriented at production of food commodities in monocultural
configuration of land, industrial and economic growth - are known to be
harmful for people and the environment (Pengue, 2005; Steward, 2007;

Fig. 3. Sitio Luciana lies at the border of the Boror6 Indigenous Reserve in the northern area of Dourados (upper right) in Mato Grosso do Sul (Brazil). Over 15 years,
this ~15 ha site was transformed from degraded monoculture into a diversified agroecological landscape (lower right) featuring semi-natural forest, agroforestry, and

horticulture.
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Wolford, 2008). In particular, regarding the use and fate of pesticides in
the hydrologic cycle, which may severely affect the health conditions of
land workers, residents and Indigenous Peoples native to the area
(Abrantes et al., 2010; Albuquerque et al., 2016; Moreira et al., 2012).
The potential vegetation cover of the area is the semi-deciduous tropical
forest, also known as Atlantic Forest, among the Earth’s biomes expe-
riencing greater loss of natural habitat. The Atlantic Forest biome was
estimated to cover around 12 % of its native distribution (Ribeiro et al.,
2009), with greater negative consequences related to biodiversity loss
and the survival of Indigenous Peoples.

Sitio Luciana — shown in the Fig. 3 is situated close to the borders of
Borord Indigenous Reserve area, in northern Dourados, and is one of the
rare efforts in the area to support native habitat restoration by tran-
sitioning from a conventional agribusiness model to agroecology. This
project contributes independently to the environmental restoration of
the area. At Sitio Luciana ~15 ha of monocultural and partially
degraded land was converted in 18 years into a diversified farm with
semi-natural forest, agroforestry and horticultural areas, aimed at
boosting Atlantic Forest restoration while producing healthy vegetables
and fruits, which weekly support the diets of a self-organized and self-
managed food purchasing network of ~40 local families.

2.2. Including farmers’ local knowledge in agroecological systems
modeling

As methodological and ethical positioning, we acknowledge that
farmers, peasants and agricultural producers hold a certain degree of
local ecological and environmental knowledge that allows them to carry
out their activities and management (Berkes, Folke, and Colding, 2000),
beyond the technical and scientific knowledge that might contribute to
it. The intrinsic value and amount of local knowledge can be very sub-
stantial depending on the way it was originally acquired through prac-
tice, transmitted, accumulated through generations, and on the
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interactions with other knowledge forms (Sumane et al., 2018). In this
context, we used tools from qualitative research to understand and
describe the human component of the socio-ecological system under
study, in particular, to enter the social and cultural settings of the area,
and to learn about adaptive management practices by exploring farmers’
local knowledge (e.g., in Fig. 4).

The farmers’ family managing Sitio Luciana was engaged owing to
the collaboration with IMAD (Instituto Meio Ambiente e Desenvolvi-
mento). Weeks were spent together as scientists and farmers, both in
informal gatherings at Sitio Luciana and in public initiatives in the
Dourados area, creating a relationship of trust and mutual exchange that
allowed us to build the empirical basis of the research. In the case of Sitio
Luciana, farmers’ local knowledge concerns, but is not limited to,
methods of cultivation such as rotation, polycultures, and agroforestry,
knowledge on seeds, soil, plants, and animals, knowledge on meteoro-
logical and climate patterns, water resource management, food distri-
bution, local food market dynamics. The source and origin of this local
knowledge comes both from family elders practicing traditional farming
in past generations, from knowledge acquired through direct observa-
tion and experimentation, and gained in farmer-to-farmer exchanges,
and to a lesser extent from popular and technical-scientific formal
knowledge sources. In this regard, the practical outcome of the resto-
ration effort at Sitio Luciana can be viewed as the result of the inde-
pendent application and development of local ecological and
environmental knowledge with only auxiliary contributions of formal
knowledge sources.

By conducting field visits, carrying out agricultural activities and in-
depth unstructured interviews with the farmers’ family members, it was
possible to explore the agroecological farming practices at Sitio Luciana,
the change in time of land-use, the characteristics of water and auxiliary
resource use, the strategies to ensure economic sustainability of the
project, and the needs, values and beliefs driving farmers’ actions. In
Fig. 4 are shown field notes from in-depth interviews with farmers’
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Fig. 4. Drawings and field notes from in-depth interviews with farmers’ family members reporting their local knowledge on the topics of adaptive land management
and agroecological practices: a.) to favor development of forest habitat by applying agroforestry practices, b.-c.) to protect land from fire spreading, d.) to increase

biodiversity in the farm.
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family members reporting land management strategies to favor forest
habitat restoration, to protect land from fires, and to increase biodi-
versity at the farm scale. This information was merged with previous
studies assessing the integrated sustainability of agricultural pro-
ductions at Sitio Luciana (Comar, 2019) and was used to acquire new
knowledge on the key ecological processes and feedback mechanisms
mediated by farmers at this site, with a focus on modeling the long-term
land-use dynamics. In Table 1 we summarized the key human factors
contributing to the agroecosystem development at Sitio Luciana in terms
of land use, economic strategies and goals at different stages of the
project, clarifying its overall agroecological characteristics, spanning
environmental, economic, social and cultural dimensions. Notably, in
this study we only used a minimal set of information acquired through
the process described, nevertheless, a deeper and nuanced understand-
ing of the local farmers’ perspectives can be learned beyond the
modeling scope of this work, which is also intended to provide a sci-
entific validation of Sitio Luciana’s agroecological land-use model,
contributing to the long-term goals of the project.

3. Model of agroecological land use dynamics

The system diagram of land use dynamics at Sitio Luciana is pre-
sented in Fig. 5. The system operates through three main processes of
primary and agricultural productivity within three semi-natural land
areas: semi-deciduous forest, agroforestry, and horticultural areas. The
corresponding land stocks (respectively Ly, Lar, Ly) take part in these
processes, supported by land-specific biotic energy stocks (respectively
Br, Bar, Bp) and human energy (H) in the form of diverse types of work.
Agroforestry and horticulture produce useful resources for the farming
household and its associated food network, with part of the yields
flowing out of the system.

The growth of Lg, Lar, Ly is constrained by the availability of total
land (L), forming a self-limiting land cycle (Conte et al., 2023; Odum and
Odum, 2000). Transitions between land stocks, including degraded land
(Lp), occur through land conversion processes driven by human work,
which is supplemented by auxiliary energy inputs from fossil-fuel-based
technologies (FF), such as agricultural machinery for transport, tillage,

Table 1

Ecological Modelling 510 (2025) 111307

and water management. The system dynamics is constrained by the
availability of renewable resources (R).

The model in Fig. 5 is simplified into a minimal version shown in
Fig. 6, keeping the core non-linear processes. This reduced model fo-
cuses solely on land stocks, measured in hectares, with the contribution
of biotic and human energy stocks embedded in the parameters that
govern land growth and conversion flows. These flows are shaped by the
adaptive management practices of local farmers. In the model, we
parametrize the following different transitions: the conversion of
degraded land (Lp) into horticultural areas (Lg), the transition of hor-
ticultural land into agroforestry (Lsr), and the transformation of agro-
forestry land into forest (Lr). Each land stock has a characteristic lifetime
determined by its vegetation cover, after which it reverts to the available
land stock (L), enabling the continued development of the three key land
uses.

The system of ordinary differential equation (ODE) governing the
land use dynamics at Sitio Luciana, associated with diagram in Fig. 6, is

dL L L

de _yopp, by Lar

dt TF  TAF-F
dL L L L
A o kapRLLap — 22 DAF L TH
dt TAF TAF-F  TH-AF
dL L L L 1
dt TH TH-AF  TD-H
dp__Lp_ Lp

dt o (%)) Tp-H

L=Ly—Lg—Lar —Ly—Lp

In the ODE system, we define the growth rates per unit renewable
resource and unit area: kr (for forest), kar (for agroforestry), and kg (for
horticulture). The land inflows entail the non-linearities of the system,
and for each stock depend on the total renewable input (R) and total
available land (L7). Each land stock has a characteristic lifetime: 7 (for
forest), 7 (for agroforestry), 7y (for horticulture), and 7p (for degraded
land). Land conversion flows are linear terms in Egs. 1 and occur on

Farmers’ adaptive management contributes to agroecosystem development at Sitio Luciana in terms of land use (addressing cropping and forestry systems), economy
(addressing farmers’ incomes, social network, and exchange with Indigenous Peoples), and goals (reflecting farmers’ needs, values and beliefs) at different stages of the
project (source: in-depth interviews with farmers family members and land workers at Sitio Luciana).

Timing
until 2012 until 2021 since 2021
Goals Establishing safe and accessible water Recovering from initial investment Expanding semi-deciduous forest habitat areas
stocks Experimenting the best solutions and practices ~ Providing a sustainable alternative to the
Protecting degraded fire-prone soil for restoring native semi-deciduous forest dominant agribusiness model in terms of
Moving from the urban area to establish ~ within a landscape of agribusiness cropping environment, economy, and socio-cultural
a new agroecological production system  systems (mainly corn and soybeans) relations within the established network
Establishing a safe space for synergic Producing healthy food for local families including farmers and indigenous groups of the
interactions with Indigenous Peoples, Providing fair incomes for rural workers area
and their food production practices, Building a local network and intercultural Disseminating the project results for reproduction
with a solidarity approach relations
Experimenting natural ways for fire control
and reduction of fire risk
Adaptive Land use Establishing a water management Reducing areas for nursery and cropping Increasing semi-deciduous forest areas within a
management system systems highly diversified agroecosystem
practices Establishing a nursery Establishing agroforestry systems for food
Cultivating economically valuable production and forest recovery
plants Planting native semi-deciduous forest species
Cultivating crops for self-consumption
and subsistence
Economy Initial investment to purchase land and Selling crops, horticultural and agroforestry Direct selling through an informal self-managed

build structures

Purchase and adapt machineries to
agroecological practices requirements
Selling seedlings and ornamental plants
Self-consumption of horticultural
products

products (including sugarcane products) in
formal urban farmers markets

economy with an affiliated purchase network
Cooperating with Indigenous Peoples to increase
subsistence food production
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LAND USE DYNAMICS AT SITIO LUCIANA

Human Diverse

Fossil Energy and
Fossil Based
Technology

Fig. 5. System diagram of land use dynamics at Sitio Luciana (2009-2024), driven by primary productivity in semi-deciduous forest, agroforestry, and horticultural
areas. Land stocks (Lg, Lar, Ly) interact with biotic (B, Bar, By) and human energy (H), constrained by total land (L) and renewable resources (R). Land conversions,
including degraded land (Lp), occur through human work and fossil-fuel-based inputs (FF).

Fig. 6. (a.) Semi-deciduous forest (b.) Agroforestry (c.) Horticultural land at Sitio Luciana (in 2024) (d.) Land stock dynamics (in hectares) modeled with implicit
biotic and human activity. Land conversions follow pathways determined by farmers’ adaptive management which also defines transition times. Degraded land (Lp)
is first converted to horticulture (Ly) with typical time 7p., then from horticulture to agroforestry (Lsr) with typical time 7y 45, and eventually to forest (L) with
typical time z4pp. Each land type has a defined lifespan based on vegetation cover (g, 7ap Th, 7p), after which it returns to the stock of available land (L) for future
use. Horticulture, agroforestry and forest land have their proper growth rate according to farmers’ management (respectively kg, kar, ki). The system dynamics was
defined per unit renewable resources (R).
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timescales set by human management: degraded land converts to hor-
ticulture over time 7p.y, horticultural land converts to agroforestry in
time 7y 4f, and agroforestry converts to forest land with time 74 p.

The model in Egs. 1 was dimensioned to reproduce GIS-derived area
estimates of different land cover classes: semi-natural forest, agrofor-
estry, horticulture, and degraded land. Land areas are measured in
hectares and have been converted into percentage of total area to show
the model results. Table 2 summarizes the land area estimates from 2009
to 2024 to which we assigned a 5 % relative uncertainty to account for
systematic errors in the GIS-based estimates. Q-GIS software was used to
compute land areas on the basis of Landsat historical data.

In Table 3 there is a summary of the model parameters with the
values used for setting up the simulator, the estimation method and the
data source.

To estimate the growth rates of land stocks managed by farmers, we
assumed that the productive processes of the system in Fig. 6 operate at
the maximum power limit, according to a self-limiting cycle model for a
single land stock constrained by total available land (Lr). It is defined as
the thermodynamic limit of maximum power that can be obtained from
a dissipative process or system at the steady state, given its physical
constraints of energy, matter and information inputs. Notably, the
maximum power state, or maximum power limit, describes one specific
steady states of self-organizing systems with sufficiently high degrees of
freedom (e.g., Kleidon, 2010, 2016; Conte et al., 2019). From the
analytical expression for a single land stock in a steady state (Lg) at
maximum power, L = Lr/2, and the differential equation governing a
self-limiting cycle (Conte et al., 2023), we obtained the estimates for kg,
kar, and kg coefficients reported in Table 3.

We obtained the best estimate for 7p.p, 7y4r and 7apr applying an
ordinary least squares (OLS) optimization method, regressing model
simulation against land use observations reported in Table 2, with the
goal to minimize the model’s global root means square error (RMSE). We
validate the model parameter setting by conducting a one-parameter-at-
time (OPT) sensitivity analysis and varying the setup values of each
parameter within 25 % relative uncertainty interval.

Simulations, parameter estimations and sensitivity analysis were all
developed with a Python 3 code publicly available as computational
notebook (Conte, 2025).

4. Results and discussion

The model simulation shown in Fig. 7 closely reproduced the land
use dynamics at Sitio Luciana between 2009 and 2024. The observed
patterns aligned with the model simulation with global RMSE=2 %. The
model accurately matched the observations for each land stock, with
slight differences among land classes. For each land stock fit statistics
were respectively RMSEfyes=2.1 %, RMSEqgroforestry=2.3 %,

Table 2

Land cover estimates at Sitio Luciana from 2009 to 2024, based on Landsat 4-5
TM and Landsat 8/9 OLI data. Categories include semi-natural forest, agrofor-
estry, horticulture, buildings, and degraded land. Values are expressed in hect-
ares and as percentages of total area.

LAND [ %]

year forest agroforestry horticultural degraded available
2009 6.9 4.7 8.0 22.4 58.0
2012 7.4 6.6 18.3 17.1 50.3
2013 8.1 7.8 17.3 17.1 49.4
2014 10.9 9.2 15.2 14.1 50.3
2016 12.4 10.7 14.5 12.0 50.2
2017 14.8 11.4 14.4 82 51.0
2018 15.2 13.0 16.1 8.0 48.5
2019 15.9 11.4 15.7 6.5 50.3
2021 20.6 15.0 9.4 6.3 48.4
2022 21.3 14.6 9.1 4.9 49.6
2023 22.9 15.6 9.8 4.5 46.6

2024 28.5 14.6 8.7 3.5 44.1
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Table 3

Summary of model parameters used to configure the land use simulator for Sitio
Luciana, including parameter names, values, estimation methods, and data
sources. Land cover values were based on GIS data and local knowledge from the
landowner. Lifetimes and growth rates were drawn from literature or estimated
in interviews with farmers. Transition times and forest growth rate were cali-
brated using simulation results and optimized to match observed land use data.
All parameters reflect the specific context and management practices of the
study site. MP stands for maximum power; OLS stands for ordinary least squares.

Parameter Value Method Data source
R Renewable 1 calibration per -
resources unit value
Ly Total land area 14.3 GIS estimation Local farmer and
hect landowner, Landsat

4-5 TM, Landsat 8/9
OLI

Lgo Initial forest cover 1 hect GIS estimation ~ Local farmer and

landowner, Landsat
4-5 TM, Landsat 8/9
OLI

Laro  Initial agroforestry 0.7 hect GIS estimation ~ Local farmer and
cover landowner, Landsat
4-5 TM, Landsat 8/9
OLI
Lyo Initial horticulture 1.15 GIS estimation ~ Local farmer and
cover hect landowner, Landsat
4-5 TM, Landsat 8/9
OLI
Lpo Initial degraded 3.2 hect GIS estimation Local farmer and
land landowner, Landsat
4-5 TM, Landsat 8/9
OLI
Tr Lifetime of semi- 50 years Literature (Blagitz et al., 2019)
deciduous tropical review
forest
TAR Lifetime of 5 years In-depth Local farmer and
agroforestry system interview landowner
TH Lifetime of 0.25 In-depth Local farmer and
horticultural years interview landowner
system
(5%} Time for degraded 10 years Literature (Souza-Alonso et al.,
soil restoration review 2022)
kr Growth rate of 0.003 ke — 2 (Blagitz et al., 2019)
forest land stock hect! F T Lrw
years™ MP estimate (
Conte et al.,
2023)
kar Growth rate of 0.03 w — 2 Local farmer and
agroforestry land hect! AF = Lrtar landowner
stock years MP estimate (
Conte et al.,
2023)
3% Growth rate of 0.6 hect K — 2 Local farmer and
horticulture land 1 years'l "= Lrty landowner
stock MP estimate (
Conte et al.,
2023)
Tp.y  Transition time 63 years  Inferred from OLS optimization
from degraded to simulation
horticultural land
TH Transition time 8 years Inferred from OLS optimization
ar  from horticulture to simulation
agroforestry land
TAF- Transition time 10 years  Inferred from OLS optimization
F from agroforestry simulation

to forest land

RMSEhorticulture=2.4 %, RMSE degradea=2 %. Horticultural and agroforestry
land trajectories had a higher RMSE as estimated land cover follows
slightly more irregular patterns due to the higher degree of interaction
with the human energy stock through direct management of land, which
is more affected by seasonality and unpredictable events.

The system dynamics highlighted human-mediated ecological suc-
cession—targeted at restoring Atlantic Forest habitats—as key to agro-
ecosystems development at Sitio Luciana. The first growth of a larger
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Fig. 7. (a.) Aeral view of Sitio Luciana in 2009 (b.) and in 2024 (c.) Comparison of simulated (solid curves) versus observed (dots with error bars) land-use at Sitio
Luciana (2009-2024). The model reproduces the overall dynamics with a global RMSE=2.0 %. Fit statistics for each land category are forest (green, RMSE = 2.1 %),
agroforestry (orange, 2.3 %), horticulture (red, 2.4 %), and degraded land (grey, 2.0 %).

horticultural area peaks in 2012 to be later reduced — through local The degraded land area followed an exponential decay reaching <5 %
farmers’ management — in favor of agroforestry and forest land areas. of the total land in 2024.
The forest area grew exponentially by reaching ~25 % of the total land The transition times — optimized to obtain the best agreement of
in 2024, with land cover projected to increase under present boundary model simulation and observations — were respectively 7p.y = 63 years,
conditions. Agroforestry land had a sigmoidal growth and occupied ~15 T.aF =8 years, and tapp = 10 years. These estimates indirectly reflected
% of the total land in 2024, with trajectory approaching a steady state. the amount of human work (also including auxiliary external fossil-
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Fig. 8. Sensitivity analysis (one-parameter-at-time, OPT) of model parameters for Sitio Luciana land-use dynamics. Simulated trajectories for forest (green),
agroforestry (orange), horticulture (red) and degraded (grey) land remain nearly unchanged under +25 % change of model parameters, namely stock lifetimes (5,
Tap Ty, Tp) and land conversion times (tp.p, Tn.ap and 7arp), validating the model calibration procedure. The trajectories with parameter setting defined in Table 2
are shown by the solid curves, while the uncertainty associated with the OPT parameter change are shown by the colored shaded regions of the graphs for each land
stock. Varying conversion times—particularly the transitions from horticulture to agroforestry and from agroforestry to forest—induces larger uncertainty in the
model outputs, although the overall system behavior is preserved under these perturbations.
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based energies) that was invested by farmers for the land conversion
processes. The transition from horticultural to agroforestry land was the
fastest and was comparable in time with land conversion from agro-
forestry to forest land. The time for conversion of degraded land into
productive horticultural land was from 6 to 7 times higher than the two.
These results provide insight into farmers’ management strategy under
the pedo-climatic constraints of the area. As shown in Figs. 6 and 7, the
pathways to achieve forest restoration were, from one hand, to transi-
tion from horticulture to agroforestry land (ty.ar =8 years), while, on
the other hand, to favor the transition from agroforestry to forest land at
a slight lower rate (tap.r = 10 years). Moreover, through land restora-
tion, it was possible to intervene indirectly on the decay of degraded
land, with only small direct interventions to convert degraded land areas
into horticultural areas at a low rate (tp.y = 63 years). The system di-
agram in Fig. 6 actually represents this complexity — which is highly site-
specific — describing the co-existence and succession of different land
cycles operated on diverse timescales, set by farmers adaptive man-
agement. These feedback mechanisms and the physical constraints,
described in Fig. 5, are ultimately responsible for the emergent dynamics
of the system and define the diverse timescales for transitioning between
alternative land-uses, determining the overall agroecosystem
development.

The results of the sensitivity analysis of model parameters are shown
in Fig. 8. The model simulations for each land stock were robust to
changes of +25% in parameter values, validating the model parameter
setting. The lifetime of the horticultural system was the most sensitive
lifetime in the model, showing a typical greater variability in the entire
system dynamics associated with horticultural management. The model
was more sensitive to changes in land conversion times from horticul-
ture to agroforestry, and from the latter to forest, however conserving
the dynamical patterns. The change in 74 affected the variability of
these two stocks, while a change in 7.4 had an impact on the variability
of all the land stocks, showing horticultural production as a key process
to manage the agroecosystem dynamics towards restoration of Atlantic
Forest. In the model, the increase and decrease of degraded land lifetime
(zp) is associated respectively to decrease and increase in horticultural
land area.

The sensitivity analysis of model parameters showed the two pro-
cesses of horticultural production and transition from horticultural to
agroforestry land as key for the development of the semi-natural forest
area. These results highlighted the essential role of farmers in the
adaptive management of the agroecosystem at Sitio Luciana in cooper-
ation with biotic activity to develop a complex agroecosystem. It re-
flected the role of local farmers in managing external inputs by
developing internal feedback mechanisms through the diverse forms of
human work (Odum, 1973), also shown in Fig. 5, which favored the
development of complex semi-natural habitats while ensuring food
production. In this perspective, it is interesting to note that farmers’
management likely evolved to maximize useful power in the productive
processes: on one hand, to boost forest restoration, and on the other, to
support the co-existence of different land use areas to sustain both food
production and biodiversity. This results are in line with findings and
guidelines for restoring land through agroecological practices (Altieri,
Nicholls, de Molina, et al., 2024; 2024; Dumont et al., 2021; Pashkevich
et al., 2022; Vieira et al., 2009), aligning with the holistic view of ag-
roecology (Garcia-Polo et al., 2021; Nicholls and Altieri, 2018), and
suggesting a path to interpret development and evolution of agro-
ecosystems through the lens of thermodynamic principles, addressing
the speed and the effectiveness of energy transformation (Lotka, 1922;
Odum and Pinkerton, 1955).

Thermodynamic principles offer a fundamental conceptual frame-
work for studying and interpreting complex agroecosystems dynamics.
The land-use at Sitio Luciana was likely to develop towards states of
maximum power output, suggesting that the system evolved such as to
maximize the rates of productive processes, while optimizing the rates
for the land-use transitions through local farmers management and
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knowledge. In agreement with non-equilibrium Thermodynamics (e.g.,
Rico et al. (2013) and Marull et al. (2019)), this implies that a suffi-
ciently complex and diverse agroecosystem including humans evolves —
in the words of Odum and Pinkerton (1955) — to an ‘optimum efficiency
for maximum (useful) power output’ in a way that is ‘compatible with
the constraints’ acting on the system (Hall and McWhirter, 2023).

5. Conclusion

In this paper, we applied a physically grounded framework based on
H.T. Odum’s energy systems theory to model agroecological land sys-
tems, focusing on land use dynamics and human management. The
modelling approach was validated against observed land-use patterns
from a 15-year agroecological restoration initiative at Sitio Luciana,
Brazil. The simulations closely reproduced the observed trajectories,
underscoring the critical role of local farmers’ adaptive management in
mediating ecological succession and promoting the coexistence of
diversified land uses, in synergy with food production. Our findings
prove that incorporating local ecological knowledge within a stock-flow
model is key to capturing the complex interplay between local land
restoration and sustainable food production, providing a robust alter-
native to prevailing agribusiness models and offering valuable concep-
tual insights for guiding sustainable land-use strategies and policies.

Our results offer meaningful insight into the modelling of agroeco-
logical and land systems, particularly referring to land restoration pro-
cesses. The model of land use dynamics at Sitio Luciana well balanced
accuracy in reproducing historical changes in time of land areas and use
of systems theory to uncover the core feedback and nonlinear mecha-
nisms that drove land-use change at the site. The study gave a good
example of the application of systems theory in land and agroecological
systems modeling able to offer novel perspectives to build on existing
knowledge in these field. The model not only accurately reproduced the
temporal dynamics of observed land-use but also aided in identifying the
key processes in agroecosystem development and the role of farmers in
balancing productive needs and biodiversity, linking their adaptive
management with Thermodynamics.

The energy system language and modelling tools — as originally
formalized by H.T. Odum - proved their outstanding suitability to model
agroecological land systems. As most models in land and agricultural
sciences are still rooted in detailed biophysical, crop or economical
mechanics, with only limited attention to higher-level system structure,
thermodynamic principles and local knowledge forms, our modelling
approach inherited from seminal works in ecosystems ecology and non-
equilibrium thermodynamics is alternative to existing ones. It offers a
physically grounded, stock-flow language that embeds biotic activity,
human work, material and energetic constraints to build minimal
nonlinear models that balance accuracy in reproducing observations,
model complexity, ability to advance theoretical insight, and to include
local knowledge in the modeling process. This work ultimately con-
tributes to enlarging the range of applications of energy system theory
besides the evaluation of the sustainability of agricultural productions,
supply chains and food systems, thus opening a new path for the
development of symbolic and computational models to study the tem-
poral dynamics of agroecological and land systems. In this perspective,
future works might address landscape, regional and global scale analysis
of land systems focusing on modeling agroecological scenarios —
including human work and local ecological knowledge — in the light of
thermodynamic principles.
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