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Abstract

The Amazon Deforestation Arc remains a critical region for environmental governance,
where land-use strategies must consider distinct legal and institutional frameworks across
the Amazon and Cerrado biomes. This study applies the Potential Productivity Model
(M3P), a theoretical radiation-based framework, to estimate the upper physiological lim-
its of sugarcane (Saccharum officinarum L.) productivity on degraded pastures within the
Arc of Deforestation. The model integrates satellite-derived solar radiation with climatic
variables to quantify potential productivity under optimal biophysical conditions, pro-
viding an objective benchmark for planning-oriented bioenergy assessments. Estimated
potential yields range from 153 to 178 t-ha~!-yr~!, consistent with global reference values
reported for sugarcane in high-radiation environments and relevant for informing public
policies such as Brazil’s Agroecological Zoning of Sugarcane. The results demonstrate that
agroclimatic potential alone is insufficient to guide land-use decisions. While degraded
pastures associated with the Cerrado biome may accommodate sugarcane cultivation as
part of productive land recovery strategies, areas belonging to the Amazon biome require
priority actions focused on ecological restoration through agroforestry and integrated
crop-livestock—forest systems. Overall, the M3P model offers a scalable and scientifically
grounded decision-support framework for strategic planning in environmentally sensitive
tropical regions.

Keywords: degraded pastures; integrated systems; bioenergy; carbon mitigation; solar radiation

1. Introduction

The Amazon Deforestation Arc represents one of the most dynamic and environ-
mentally sensitive land-use frontiers in Brazil. Shaped by successive waves of agricul-
tural expansion, infrastructure development, and institutional change, the region has
concentrated on intense land-use pressure since the early 2000s, giving rise to com-
plex interactions between agricultural production, environmental regulation, and gov-
ernance mechanisms [1-3]. As a result, land-use planning in the Arc requires analytical
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approaches capable of distinguishing biophysical potential from legal, ecological, and
institutional constraints.

Degraded lands within the Amazon Deforestation Arc are heterogeneous. Their
legal status, management options, and land-use trajectories differ substantially depending
on whether they occur within the Amazon or Cerrado biomes, which are governed by
distinct environmental regulations and land-use policies in Brazil [4,5]. Consequently,
strategies aimed at agricultural expansion or land restoration must explicitly account for
biome-specific constraints to avoid unintended outcomes such as biodiversity loss, indirect
land-use change, and increased greenhouse-gas emissions [1].

In this context, spatially explicit modeling approaches have been widely applied to
support decision-making in tropical regions, particularly for evaluating bioenergy crop po-
tential under diverse climatic and land-use conditions [6-8]. Productivity potential models
grounded in biophysical principles play a central role in this process by defining theoretical
upper yield limits independently of management constraints. These models provide a
reference framework for assessing yield gaps and for supporting strategic planning and
sustainable intensification pathways [7,9,10].

Sugarcane (Saccharum officinarum L.) is a C4 crop characterized by high radiation use
efficiency and strong biomass accumulation capacity under high irradiance and tempera-
ture regimes [11-13]. These physiological attributes make sugarcane a strategic crop for
bioenergy production in tropical environments, while also emphasizing the role of solar
radiation as a primary driver of potential productivity [6]. However, translating agrocli-
matic suitability into sustainable land-use strategies requires careful differentiation between
theoretical productivity potential and land-use feasibility, particularly in environmentally
sensitive regions such as the Amazon Deforestation Arc.

Within this analytical framework, the Potential Productivity Model (M3P) is applied
as a theoretical, radiation-based approach to estimate the upper physiological limits of
sugarcane productivity on degraded pastures within the Arc. By integrating satellite-
derived solar radiation with climatic variables, the model provides an objective benchmark
for planning-oriented assessments, without presuming field-level yield realization. Its
application is especially relevant for evaluating degraded lands in Cerrado-dominated
areas, while in portions of the Arc that belong to the Amazon biome, sugarcane incorpo-
ration is compatible only with agroforestry systems and integrated crop-livestock—forest
arrangements, in accordance with current Brazilian environmental legislation.

Therefore, the objective of this study is to apply the Potential Productivity Model (M3P)
to estimate the theoretical productivity potential of sugarcane on degraded pastures within
the Amazon Deforestation Arc, providing a planning-oriented framework that explicitly
distinguishes between agroclimatic potential and biome-specific land-use feasibility.

2. Materials and Methods
2.1. Conceptual Definition of the Productivity Model

This study adopts a radiation-based biophysical model to estimate theoretical potential
productivity, defined as the maximum biomass yield determined exclusively by climatic
energy supply and physiological conversion efficiency.

Crop production efficiency can be defined in thermodynamic terms as the ratio be-
tween energy output, expressed as carbohydrate accumulation, and energy input supplied
by solar radiation. Within this framework, total dry matter production depends primar-
ily on two factors: the amount of solar radiation intercepted by the crop canopy during
the growing season and the efficiency with which intercepted radiation is converted into
biomass. Temperature and water availability do not generate productivity per se but regu-
late crop development by controlling leaf area expansion and the duration of phenological
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phases, which determine the capacity of the canopy to intercept radiation. Consequently,
productivity reaches a theoretical upper limit imposed by physical and physiological
constraints rather than by management practices or soil conditions [6].

Yield potential represents the upper physiological limit of crop productivity under
conditions in which water and nutrient availability do not limit growth and biotic stresses
remain controlled. This potential is defined by the crop’s assimilatory capacity and by
inherent metabolic efficiencies governing the conversion of solar energy into biomass. Clas-
sical yield theory establishes that productivity potential reflects intrinsic physiological and
energetic constraints rather than achievable field yields, providing a theoretical reference
ceiling for comparative analysis [9].

Potential yield has been formally incorporated as a benchmark in yield-gap analysis,
where it functions as a reference level against which attainable and observed yields are
compared. In this framework, potential yield does not represent an empirically validated
outcome but a biophysically defined ceiling determined by climate and crop character-
istics, whose relevance lies in its internal consistency with physical and physiological
principles [7].

Based on these scientific premises and considering that sugarcane (Saccharum offici-
narum L.) operates a C4 photosynthetic pathway [12], this study adopts the hypothesis
that, when agronomic conditions are non-limiting, solar radiation constitutes the pri-
mary determinant of potential productivity. The C4 photosynthetic apparatus confers
high efficiency of CO, fixation under conditions of high irradiance and elevated tem-
peratures, which supports the use of radiation-based approaches to estimate theoretical
productivity limits.

Studies focused on sugarcane yield estimation under commercially managed con-
ditions have shown that even calibrated crop simulation models present substantial dis-
crepancies when compared with observed yields. Using FAO-AZM, DSSAT/CANEGRO
and APSIM-Sugarcane models [8], reported mean absolute errors exceeding 29 t ha~! and
coefficients of determination lower than 0.54 when management effects were not explicitly
represented. After introducing a management factor associated with yield decline across
successive crop cycles, errors decreased to values < 12.9 t ha~! during calibration and
between 13.0 and 14.9 t ha~! during validation, with R? increasing to 0.58-0.72. These
results indicate that management-related variability strongly constrains yield realization in
commercial fields, reinforcing the conceptual distinction between observed productivity
and an upper-bound productivity potential defined independently of management [8].

Under this hypothesis, soil properties, management practices, and genetic material are
assumed to be agronomically adequate and non-limiting. In this context, solar radiation
availability emerges as the key variable controlling biomass formation and, therefore,
as a critical factor for ensuring that the crop reaches its maximum theoretical potential
productivity. This assumption justifies the exclusion of soil variables from the model
and supports the use of solar energy as the central input in the estimation of theoretical
potential productivity.

2.2. Methodological Assumptions of the M3P Model

The Potential Productivity Model (M3P) estimates the theoretical maximum productiv-
ity of sugarcane (Saccharum officinarum L.) in the Amazon Deforestation Arc under idealized
conditions. The model defines the upper yield limit by isolating the effect of incident solar
radiation on biomass production, if all other biophysical and management related factors
fully comply with established agronomic recommendations. Within this framework, the
MB3P represents potential productivity as an upper bound estimate derived from physical
and physiological principles rather than from field-based calibration.
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Sugarcane is a C4 species with a photosynthetic apparatus characterized by high
radiation use efficiency and low photorespiration losses, a trait widely documented for
C4 grasses [14,15]. Biomass accumulation in sugarcane responds strongly to the cumula-
tive amount of photosynthetically active radiation intercepted over the crop cycle. This
physiological characteristic provides the conceptual basis for assigning a dominant role
to incoming solar energy in the M3P framework, while treating other environmental and
management variables as non-limiting by assumption.

The M3P adopts the following methodological assumptions.

Hydric and nutritional conditions

The model assumes an unrestricted and optimal supply of water and nutrients through-
out the entire crop cycle, consistent with agronomic recommendations for high yielding
sugarcane systems. Under this assumption, neither water stress nor nutritional limitations
constrain photosynthesis, biomass accumulation, or yield formation.

Pest and disease control

The model assumes effective and complete control of pests and diseases. Consequently,
biotic stress does not reduce photosynthetic efficiency, biomass accumulation, or final yield.

Genetic factors

The model considers a high yielding sugarcane genotype with broad adaptability and a
photosynthetic apparatus typical of C4 grasses, capable of efficiently converting intercepted
solar radiation into biomass. Radiation use efficiency values reported for sugarcane under
optimal growth conditions support this assumption [14,15].

Single limiting factor

Incident global solar radiation (I) represents the sole limiting factor for poten-
tial productivity in the M3P framework, as it defines the total amount of energy
available for photosynthesis and therefore establishes the theoretical upper bound of
biomass production.

Climatic role of air temperature

The model incorporates air temperature (T) as a secondary variable exclusively for
estimating longwave radiation emission within the surface energy balance, based on the
Stefan—Boltzmann law [10]. Temperature does not directly constrain potential productivity
in the model and does not act as a limiting factor for biomass accumulation, provided that
agronomically recommended thermal conditions are met.

Under these assumptions, solar radiation availability constitutes the primary determi-
nant of sugarcane productivity, since photosynthesis converts radiant energy into chemical
energy stored as biomass, which is subsequently allocated to products such as sugar,
ethanol, and bioelectricity [5]. Thermal radiation exchange follows fundamental physical
principles established since the seventeenth century, particularly the Stefan-Boltzmann law,
which relates the energy radiated by a body to its absolute temperature [10].

% =cAT! 1)
in which A is the emitting surface area, T is the temperature in kelvin, o is the Stefan—
Boltzmann constant (5.67 x 1078 W-m~2.K#), and Q/ At is the emitted power.

Applied to the Sun, the total radiated power is:

Q

i 47R?>0T* 2)
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in which R = 6.96 x 10 m and T = 5770 K, yielding approximately 3.83 x 102 W.

At Earth’s distance, intensity decreases with the square of the distance, resulting
in a mean solar constant of ~1350 W-m~2 (Equation (3)). When passing through the
atmosphere, radiation is attenuated by scattering and absorption, particularly due to cloud
cover, producing spatial and temporal variability.

Eu= -mr*= 3)

Solar radiation data were obtained from the Global Solar Atlas [16], which provides
daily and annual estimates of global horizontal irradiance (GHI) at a spatial resolution of
up to 1 km?. The original GHI values, expressed in kWh-m~2.day !, were converted to
MJ-m~2.day ! using the standard conversion factor of 1 kWh = 3.6 MJ.

The analysis of the long-term spatial distribution of solar irradiance combined satellite-
based observations with meteorological modeling to classify insolation zones across the
Brazilian Amazon, with particular emphasis on the Arc of Deforestation (Figures 1 and 2).
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Figure 1. Global spatial distribution of mean annual Global Horizontal Irradiation (GHI,
kWh-m*2~day*1) derived from the Global Solar Atlas (1999-2018) [16]. The map highlights the
tropical belt as a region of high solar irradiance worldwide. In South America, elevated GHI levels are
observed across large portions of Brazil. The inset map delineates the Brazilian Arc of Deforestation,
where mean daily GHI values predominantly range between 4.5 and 5.7 kWh-m~2-day !, according
to the classes shown in the legend.

To represent the conversion of intercepted solar energy into biomass, the model
adopted physiological parameters reported in the literature. The quantum yield (Rq)
was set to 0.0534 mol CO,-Einstein !, corresponding to the theoretical maximum for C3
photosynthesis, with a mean conversion factor of 4.6 Einsteins-MJ ! [10]. The biomass
energy content (Em) was assumed to be 15.9 MJ-kg ™!, consistent with reported values for
dry plant biomass [17]. The harvest index (HI) was fixed at 0.7, in agreement with values
reported for sugarcane grown under favorable conditions [18,19].
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Figure 2. Spatial distribution of key climatic variables across South America derived from World-
Clim v2 interpolated climate normals for the period 1970-2000. Panel (A) shows mean annual air
temperature (°C), and panel (B) shows total annual precipitation (mm). The geographic extent of the
Amazon Deforestation Arc is explicitly delineated in both panels.

Optimal climatic ranges associated with high sugarcane productivity were defined
as reference thresholds (Table 1), including irradiance between 18 and 25 MJ-m~2-day !,
photoperiod between 10 and 14 h, and air temperature between 27 and 38 °C. Total dry
biomass accumulated over the crop cycle (Tb) was estimated as:

Tb = IRq @

in which I represent the total incident irradiance (M]~m’2-cycle’1). The theoretical har-
vestable yield (Yt) was then derived by applying the harvest index:

Yt = Tbx HI ()

Table 1. Nomenclature and Definition of Variables Used in the M3P Model.

Symbol Description of Variable/Constant Unit Reference Equation
Q/At Emitted power W 1)

A Emitting surface area m? 1)

T Absolute temperature K 1), 2

o Stefan—Boltzmann constant (=25.67 x 10~8) W-m—2.K* 1)

R Radius of the Sun m 2)

Tb (Total dry biomass accumulated during the crop cycle) kg:m~2-cycle™! 4)

I Total incident irradiance MJ-m~2.cycle ™! 4)

Global Horizontal Irradiation (GHI) data were obtained from the Global Solar At-

las [16], a globally recognized database that integrates satellite derived observations with
meteorological reanalysis products, provided at an approximate spatial resolution of 1 km?.
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The dataset represents long term climatological averages of solar irradiance incident on a
horizontal surface, expressed as daily values in kWh-m~2.day 1.

Figure 1 illustrates the global spatial distribution of GHI, clearly highlighting the
tropical belt as one of the regions with the highest solar energy availability worldwide.
Within South America, elevated GHI levels are observed across large portions of Brazil,
with prominence in the central and northern regions. The inset map explicitly delineates
the Brazilian Arc of Deforestation, where GHI values predominantly range between 4.5
and 5.7 kWh-m~2.day !, indicating a consistently high solar energy supply under tropical
continental conditions.

To ensure methodological consistency with the parameters adopted in the M3P
model, all GHI values were converted to megajoules (MJ-m~2-day~!) using the stan-
dard conversion factor of 1 kWh = 3.6 MJ. Solar irradiance was treated as the primary
driving variable of the model, reflecting its central role in defining the upper theoreti-
cal limit of biomass production under potential productivity conditions, independent of
management limitations.

The analytical framework integrated spatially explicit solar irradiance data with
climatic variables, specifically air temperature and precipitation. These variables were
used to characterize the prevailing agroclimatic context of the region rather than to impose
direct constraints on potential productivity. Crop physiological parameters associated
with sugarcane growth and radiation use efficiency were incorporated to support the
identification of agroclimatically suitable zones under tropical conditions.

All spatial analyses were conducted within a geographic information system environ-
ment. Solar irradiance and climatic layers were spatially intersected with the geographic
extent of the Arc of Deforestation to contextualize the potential productivity patterns within
an area of active land-use transformation in the Brazilian Amazon. This approach allows
the identification of territories with high climatic aptitude for sugarcane cultivation while
explicitly acknowledging the environmental and territorial context relevant to land-use
planning in the region.

Based on benchmarks reported in the peer reviewed literature and on the climatic
ranges observed across the Amazon region, we defined optimal environmental thresholds
for sugarcane growth. These thresholds delineate the agroclimatic suitability domain
adopted in the model and are summarized in Table 2. The analysis indicates that areas
characterized by global solar irradiance between 20.5 and 23.0 MJ-m~2-day !, photope-
riods ranging from 10 to 14 h, and mean annual air temperatures between 27 and 38 °C
correspond to conditions favorable for high potential sugarcane productivity.

Table 2. Environmental parameters associated with high sugarcane productivity.

Variable Optimal Range Unit
Solar irradiance 20.5-23.0 MJ-m~2-day~!
Photoperiod 10-14 h

Air temperature 27-38 °C

Climatic data were obtained from WorldClim v2 [14], a high-resolution global dataset
that provides interpolated monthly climate surfaces for the period 1970-2000 at an approxi-
mate spatial resolution of 1 km?. WorldClim v2 was developed using observations from
approximately 9000 to 60,000 meteorological stations worldwide and applies thin plate
spline interpolation, incorporating covariates such as elevation, distance to the coast, and
satellite derived variables, including MODIS land surface temperature and cloud cover.
Independent validation indicates high model performance, with cross validation correla-
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tion coefficients exceeding 0.99 for temperature, 0.86 for precipitation, and 0.76 for wind
speed [14]. Owing to these characteristics, WorldClim v2 represents a widely accepted
baseline dataset for ecological and agroclimatic analyses.

In this study, WorldClim v2 data were used to characterize the thermal and hydric
environment of the study area through mean annual air temperature (°C) and total annual
precipitation (mm). These variables were incorporated to define the agroclimatic suitability
domain for sugarcane cultivation, rather than to impose direct constraints on potential
productivity. Temperature and precipitation were selected because they exert fundamental
control over sugarcane physiological processes, including photosynthetic activity, pheno-
logical development, and water availability, which together condition the feasibility of crop
establishment and growth under rainfed tropical systems.

Figure 2 presents the spatial distribution of key climatic variables used to characterize
the agroclimatic context of the Amazon Deforestation Arc. Panel (A) shows the mean
annual air temperature across South America, while panel (B) depicts the spatial pattern of
total annual precipitation. In both panels, the geographic extent of the Arc of Deforestation
is explicitly delineated to support regional interpretation.

In Figure 2A, mean annual air temperature exhibits a clear latitudinal gradient, with
the highest values concentrated in tropical regions. The Amazon Deforestation Arc is pre-
dominantly characterized by mean annual temperatures above 27 °C, with extensive areas
exceeding this threshold. This thermal regime falls within the range commonly reported
as favorable for sugarcane physiological activity, including photosynthesis, growth, and
biomass accumulation under tropical conditions.

Figure 2B illustrates the spatial distribution of total annual precipitation, revealing
pronounced spatial variability across South America. Within the Amazon Deforestation
Arc, annual precipitation generally ranges between 1500 and 2500 mm, with localized
areas exceeding 2500 mm. These precipitation levels indicate a predominantly humid
environment, which is generally sufficient to sustain sugarcane cultivation under rainfed
conditions, provided that soil and management constraints are adequately addressed.

Together, the temperature and precipitation patterns shown in Figure 2 define the
thermal and hydric envelope of the study region. These climatic variables were used to
characterize the agroclimatic suitability domain of sugarcane cultivation, rather than to
impose direct limitations on potential productivity. The integration of these climatic layers
with solar irradiance data (Figure 1) supports the spatial identification of regions where
the theoretical potential productivity estimated by the M3P model can be expressed under
favorable climatic conditions.

The overall methodological framework integrates fundamental physiological prin-
ciples of sugarcane growth with quantitative assessment of solar radiation, agroclimatic
characterization, and biomass conversion processes within a spatially explicit model-
ing approach. Solar irradiance was quantified using physically based formulations
(Equations (1)—(3)) supported by satellite derived datasets and represents the primary
driver of potential productivity in the model.

Climatic variables, specifically air temperature and precipitation, were derived from
WorldClim v2 and incorporated to define the thermal and hydric suitability domain of the
study region, as illustrated in Figure 2, rather than to impose direct constraints on potential
productivity. Biomass accumulation and potential yield were subsequently estimated using
established radiation use efficiency parameters and harvest indices reported for sugarcane
under optimal growth conditions (Equations (4) and (5)).

In the final step of the methodological framework, geospatial integration combined
solar irradiance, climatic variables, crop physiological parameters, and infrastructure layers
to delineate agroclimatically suitable zones for sugarcane cultivation in the Brazilian Ama-
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zon. Figure 3 synthesizes this methodological sequence, illustrating the logical progression
from theoretical assumptions to spatial implementation of the M3P model.

Physiological Basis
* Sugarcane (C4 plant) GIS Integration & Application
* High CO; fixation under high radiation & e Overlay irradiance, climate &
temperature physiology
* Soil not limiting ¢ Add infrastructure & zoning layers
* Case: Arc of Deforestation
Solar Radiation Quantification (Amazon)
¢ Stefan—Boltzmann law: Q/At = cAT* * Assess sustainable expansion
e Solar flux: Q/At = 4mR20T*

¢ Solar constant: Eu = (1/4m12)(Q/At)

Climate Constraints
¢ Source: WorldClim v2
* Variables: mean T (°C), annual precipitation (mm)
 Thresholds: 18-25 MJ-m2-day}; 27-38 °C; 10-14 h
photoperiod
Physiological Parameters
* Quantum yield: 0.0534 mol CO;-einstein!
e Conversion: 4.6 einsteins-MJ-!
* Biomass energy: 15.9 MJ kg™
* Harvest index: 0.7

Biomass Equations
e Total biomass: Tb =1 x Rq
* Harvestable yield: Yt=Tb x HI

Figure 3. Conceptual diagram of the methodological sequence for assessing sugarcane suitability.

The framework supports a spatially explicit assessment of sugarcane potential pro-
ductivity under agroclimatically favorable conditions and provides a structured basis for
evaluating improved management practices aimed at enhancing production efficiency and
environmental performance within the sugarcane supply chain [20].

3. Results

Figure 4 presents the spatial distribution of the theoretical potential productivity of
sugarcane across the Arc of Deforestation in the Brazilian Amazon, as estimated by the
M3P model. Legally protected areas, including Indigenous Lands and Conservation Units,
are displayed in gray and were excluded from the agroclimatic suitability assessment, in
accordance with current land-use regulations.

Within areas historically occupied by agricultural activities, estimated potential pro-
ductivity ranges from approximately 153 to 178 t-ha~!-yr~!, values consistent with physio-
logical upper limits reported for sugarcane under favorable tropical conditions. The spatial
pattern reveals three distinct gradients. The northern portion of the Arc exhibits moderate
potential productivity, with values closer to the lower bound of the estimated range. The
central and eastern sectors concentrate the highest productivity levels, coinciding with
regions of higher solar irradiance. In contrast, the southern portion of the Arc combines
high irradiance with greater interannual climatic variability, resulting in elevated potential
productivity accompanied by increased uncertainty.

These spatial patterns highlight the importance of spatially explicit land-use planning
that prioritizes sugarcane expansion in previously converted or degraded areas, while
maintaining legally protected zones outside the scope of agricultural suitability analyses.
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Figure 4. Spatial distribution of potential sugarcane yield (t-ha~!-yr~1) across the Arc of Deforestation
in the Brazilian Amazon, estimated with the M3P model. Predicted values in historically cultivated
areas range from 153 to 178 t-ha=1 ~yr_1, approaching global maximum reference levels for sugarcane
productivity. Gray shading indicates legally protected zones, including Indigenous Lands and
Conservation Units, where agricultural expansion is restricted.

Table 3 presents sugarcane yield and harvested area for the main producing countries,
allowing a comparative assessment of land-use intensity and productivity levels worldwide.
The data reveal a clear dissociation between cultivated area and yield performance. Brazil
leads global sugarcane production in terms of harvested area, exceeding 10 million hectares;
however, its average yield of 74.37 t-ha~! remains lower than that achieved by several
countries with much smaller cultivated areas. Guatemala stands out with the highest
reported yield, reaching 118.46 t-ha~! while cultivating approximately 300,246 hectares,
followed by Colombia with an average yield of 88.76 t-ha~! on less than 500,000 hectares.

Table 3. Sugarcane yield and harvested area in the main producing countries.

Harvested Area Harvested Area

Country Yield (t-ha—1) (ha) Countries Yield (t-ha—1) (ha)
Brazil 74.37 10,042,199 Guatemala 118.46 300,246
India 79.68 4,730,000 Australia 75.96 442 958
China 76.93 1,414,973 United States 86.07 364,096
Thailand 76.06 1,372,169 Philippines 56.53 437,506
Pakistan 60.96 1,101,946 Indonesia 52.19 416,671
Mexico 72.33 785,905 Cuba 39.78 493,901
Colombia 88.76 408,716 South Africa 67.55 285,760

Major Asian producers, including India (79.68 t-ha~'), China (76.93 t-ha~'), and
Thailand (76.06 t-ha~!), exhibit intermediate yield levels, combining extensive cultivated
areas with productivity values only marginally higher than those observed in Brazil. In
contrast, countries characterized by limited technological input and management intensity,
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such as Indonesia (52.19 t-ha=!) and Cuba (39.78 t-ha™1), present some of the lowest yields,
reflecting structural constraints in traditional production systems.

This global comparison highlights a central challenge for Brazil. Although the country
dominates sugarcane cultivation in absolute area, substantial yield gains remain achiev-
able when compared with the performance of leading producers such as Guatemala and
Colombia. The observed gap indicates that future gains should rely primarily on pro-
ductivity improvements and resource use optimization rather than further expansion of
cultivated land.

Table 4 summarizes commercial, experimental, and theoretical yield levels for sugar-
cane, providing a reference framework for assessing the outputs of the M3P model. The
contrast between observed yields and estimated potential productivity is pronounced.
Commercial production systems report average yields of approximately 84 t-ha=!.yr—!,
with maximum field records reaching around 148 t-ha~!-yr~! under favorable conditions.
Experimental trials conducted under controlled or optimized conditions have achieved
yields as high as 212 t-ha~!-yr~!, yet these values remain well below the upper limits
suggested by theoretical modeling.

Table 4. Comparative performance of sugarcane yields according to source and methodology.

Yield Type

Sugarcane Yield (tha—1-yr-1)  Biomass Yield (t-ha—1.yr—1) Biomass Rate (g-m~—2-day—1)
g y y g y

Commercial (average)
Commercial (maximum)
Experimental (maximum)
Theoretical (M3P model)

84 39 10.7
148 69 18.8
212 98 27.0
381 177 48.5

Commercial production systems report average yields of approximately 84 t-ha~!.yr~1,
with maximum field records reaching about 148 t-ha~!-yr~! under favorable conditions.
Experimental trials conducted under optimized environments have achieved higher yields,
up to 212 t-ha~!-yr~1; however, these values remain substantially below the upper limits
estimated by the M3P model.

The model estimates a theoretical maximum yield of 381 t-ha~!-yr~!, corresponding
to a biomass production of 177 t-ha~!-yr~! and an accumulation rate of 48.5 g-m~2-day !
When compared with commercial and experimental yields, these estimates reflect the
definition of M3P as a potential productivity model operating under idealized conditions.
The magnitude of the projected values is consistent with the high efficiency of C4 crops
in converting solar radiation into biomass and highlights the physiological capacity of
sugarcane as a bioenergy crop.

Beyond the numerical comparison, these results illustrate the analytical contribution
of the M3P approach. By explicitly linking potential productivity to solar irradiance and a
limited set of physiological coefficients, the model delineates the upper bounds of biomass
accumulation achievable in tropical environments. The comparison indicates that current
commercial production levels represent only a portion of the crop’s physiological potential,
suggesting that productivity gains may be achieved primarily through improvements
in management practices and resource use efficiency, rather than through expansion of
cultivated areas. The estimated physiological ceiling provided by M3P thus serves as a
reference framework for exploring the bioenergy potential of sugarcane in tropical regions.

Figure 5 provides a conceptual synthesis of the M3P framework by integrating bio-
physical principles, crop physiology, and biome specific land-use constraints across the
Amazon Deforestation Arc. The scheme highlights solar radiation as the primary driver
of potential productivity, consistent with radiation use efficiency theory, while explicitly
differentiating land-use feasibility between the Amazon and Cerrado biomes.
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Solar radiation as the primary driver (M3P)
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Amazon biome Cerrado biome

AFS (C34) ICLFS (C3 + C4)
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Integrated systems only

No extensive sugarcane cultivation
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. i Cultivation feasible
Sugarcane restricted to integrated in converted lands
systems and local forage use

| Spatial domain (Figure 4) 250 km

B Amazon biome Cerrado biome | IlIll Integrated systems (AFS, ICLFS)

Figure 5. Conceptual representation of the M3P model integrating solar radiation driven potential
productivity with biome-specific land-use constraints in the Amazon Deforestation Arc.

In the Amazon biome, sugarcane cultivation is constrained by legal and environmental
restrictions and is therefore limited to integrated systems, such as agroforestry systems
(AFS) and crop livestock forest integration (ICLFS), or to local forage use. In contrast, within
the Cerrado biome, extensive areas of previously converted lands, particularly degraded
pastures dominated by C4 grasses, offer greater feasibility for sugarcane cultivation without
additional conversion of native vegetation.

The Arc of Deforestation emerges as a transition zone where high agroclimatic poten-
tial intersects with biome boundaries, legal frameworks, and governance capacity. In this
context, the M3P model does not represent a prescription for land-use change but rather a
theoretical tool to quantify upper bound productivity under optimal radiation conditions,
supporting planning-oriented assessments that explicitly account for ecological limits and
institutional constraints.

4. Discussion

Comparative analyses of global sugarcane production consistently show that Brazil,
despite leading worldwide in harvested area, exhibits average yields lower than those
achieved by several smaller producing countries. This pattern reflects a persistent yield gap,
a phenomenon widely documented across cropping systems and agroecological regions.
Yield gap theory demonstrates that crop productivity is bounded by biophysical limits,
while the divergence between potential and realized yields is primarily explained by
management practices, environmental constraints, and institutional conditions rather than
by crop physiology itself [7,9,10].

From a biophysical perspective, radiation use efficiency theory establishes that biomass
accumulation is fundamentally constrained by the amount of intercepted solar radiation
and the efficiency with which it is converted into dry matter [6]. Within this theoreti-
cal context, the M3P model contributes analytically by explicitly quantifying the upper
physiological limits of sugarcane productivity under optimal radiation conditions. The
large contrast between observed commercial yields and the radiation-defined productivity
ceiling should not be interpreted as an attainable target under field conditions, but rather
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as an indicator of unrealized biophysical potential constrained by agronomic, climatic, and
socio-institutional factors.

This interpretation is fully consistent with established physiological evidence. C4 crops
exhibit higher quantum yield and photosynthetic efficiency than C3 species, particularly
under high irradiance and temperature regimes [13]. Sugarcane combines high assimilatory
capacity with favorable carbon partitioning toward sucrose accumulation, as demonstrated
by comprehensive physiological and biochemical assessments [11,12]. Accordingly, the
magnitude of the productivity ceiling estimated by the M3P model aligns with well-
established physiological principles and reinforces the conceptual distinction between
theoretical potential productivity and achievable yield.

This distinction is also supported by crop modeling literature. Comparative eval-
uations of operational simulation models indicate that models calibrated for managed
systems are designed to reproduce observed yields rather than to define physiological
upper limits [8]. In contrast, radiation-based approaches explicitly aim to estimate potential
productivity, providing a reference framework against which yield gaps can be quantified
and the relative influence of management, climate variability, and land-use constraints
can be assessed [6,7]. Similar radiation-driven methods have been successfully applied to
estimate potential productivity across different crops and tropical environments [6,7,21].
Building on these principles, the M3P model is employed here as a robust, parsimonious,
and planning-oriented theoretical framework under Brazilian conditions.

Figure 5 integrates these biophysical insights with biome-specific land-use constraints
across the Amazon Deforestation Arc. In the Amazon biome, agroclimatic suitability alone
does not translate into land-use feasibility. Empirical evidence demonstrates that bioenergy
expansion into forested regions can offset potential carbon savings and intensify biodiver-
sity loss, particularly through indirect land-use change processes [1]. In transition zones
between the Amazon and the Cerrado, land-use outcomes are strongly conditioned by
ecological thresholds, legal restrictions, and governance arrangements, indicating that even
anthropized landscapes within the Amazon biome require differentiated strategies [5].
Recent assessments of sugarcane sustainability and land suitability emphasize that agrocli-
matic evaluations must be interpreted jointly with institutional and regulatory constraints
in Brazil, including those affecting the Amazon Basin [4].

The decisive role of governance in shaping land-use trajectories in the Amazon is
well documented. Policy-driven interventions, monitoring systems, and enforcement
mechanisms have been central to slowing deforestation over recent decades, while for-
est degradation remains a growing challenge driven by interacting climatic, ecologi-
cal, and socio-economic pressures [2,3]. These findings underscore that land-use deci-
sions in the region depend not only on biophysical potential but also on political and
institutional contexts.

By contrast, the Cerrado biome encompasses extensive areas of degraded pastures
that may accommodate sugarcane cultivation without additional conversion of native
vegetation, if expansion is strictly directed toward already altered lands. Scenario-based
assessments demonstrate that future ethanol demand can be met with markedly different
land-use outcomes depending on spatial planning, intensification pathways, and gover-
nance effectiveness [1,15]. Poorly planned expansion can negate environmental benefits
through displacement effects, whereas sustainable intensification on degraded lands can
reduce land-use pressure and greenhouse-gas emissions.

The Arc of Deforestation therefore represents a critical frontier where agroclimatic
potential intersects with ecological limits, legal frameworks, and institutional capacity.
In this zone, governance mechanisms play a dual role: when robust, they can stabilize
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deforestation trends and enable restoration-oriented land-use strategies; when weak, they
exacerbate environmental degradation and undermine climate mitigation efforts [2,3].
Finally, the representation of solar radiation in Figure 5 highlights its role as the
fundamental energy source underlying the M3P framework. While radiation availability
defines the upper physiological limits of sugarcane productivity, the realization of this
potential depends on land-use governance, agronomic management, and institutional
contexts. In this sense, the M3P model offers a scientifically grounded hypothesis that can
be tested through technological demonstration units, experimental research, and strategic
restoration initiatives. In Cerrado areas characterized by degraded pastures, sugarcane
cultivation may represent a viable opportunity for productive land recovery. In contrast,
within areas of the Amazon biome located in the Arc of Deforestation, the incorporation of
sugarcane should be restricted to agroforestry and integrated systems, in accordance with
Brazilian environmental legislation, contributing to income diversification and resilience of
family-based rural agriculture rather than to extensive monoculture expansion.

5. Conclusions

This study demonstrates that the Potential Productivity Prediction Model (M3P)
provides a robust theoretical framework to estimate the upper physiological limits of
sugarcane productivity under tropical conditions. By integrating satellite-derived solar
irradiance with fundamental biophysical principles, the model quantifies potential yields
that reflect radiation-driven biomass accumulation in C4 crops, with estimated values
ranging from 153 to 178 t-ha~!-yr~!, consistent with global reference levels reported for
high-radiation environments.

The model was recalled: it was applied to the Amazon Deforestation Arc as a planning-
oriented exercise, not as a field-calibrated yield prediction. In this context, M3P enables the
spatial identification of agroclimatically favorable domains based on the combined influ-
ence of solar radiation, air temperature, and precipitation, which define the environmental
envelope within which sugarcane potential productivity can be expressed. Its parsimonious
structure, which avoids dependence on detailed soil datasets or complex zoning indices,
makes it suitable for large-scale territorial assessments and strategic planning.

From a land-use perspective, the results highlight the importance of distinguishing
between biophysical potential and land-use feasibility. In areas of the Cerrado biome,
including degraded pastures located within the Amazon Legal boundary, sugarcane cul-
tivation may represent an opportunity for productive land recovery without additional
conversion of native vegetation, provided that expansion is strictly directed toward already
altered lands. In contrast, within areas that belong to the Amazon biome, even when
agroclimatic conditions are favorable, sugarcane incorporation should be restricted to agro-
forestry systems and integrated crop-livestock—forest arrangements, in accordance with
Brazilian environmental legislation and with a focus on strengthening income generation
in family-based rural agriculture.

Overall, the integration of radiation-based productivity modeling with spatial land-
use analysis offers a scientifically grounded and testable framework to support low-carbon
bioenergy planning in tropical regions. By explicitly separating theoretical productiv-
ity potential from practical land-use constraints, the M3P approach provides a transpar-
ent basis for technological demonstration units, experimental research, and restoration-
oriented strategies in regions characterized by strong ecological sensitivity and complex
institutional contexts.
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