
RESEARCH PAPER 

 IJDDT Volume 16 Issue 88s 2026 Page: 412 

A COMBINED DENSITY FUNCTIONAL THEORY FRAMEWORK FOR 
MODELING MULTIFACETED ECOLOGIES ACROSS SPATIAL AND 

TEMPORAL SCALES 
 

Rimpi Gupta1, Apoorva Dwivedi2, Pankaj Asthana3* 

1Department of Teacher Education, D.B.S. College, C.S.J.M. University, Kanpur, India 
2Faculty of Basic and Applied Science, Madhav University, Rajasthan, India 

3*Author for Correspondence 
Pankaj Asthana, Department of Teacher Education, D.B.S. College, C.S.J.M. University, Kanpur, 208006 

E-Mail:  asthanapankaj31@gmail.com 
ABSTRACT 
It is made problematic for ecosystem to model singularities across numerous timeframes and spatial scales by the intricacy of 
systems with many interrelating mechanisms. It is made tougher for complex ecologies and the significances of human actions like 
reaping, deforestation, and environmental change to be realized by us. In order to overcome this, we have established a new context 
for ecosystem modelling using density functional theory, a physics-based computational practice for many-body problems. Our 
technique can forecast fallouts for new data and fits experimental and artificial data from multi-species groups across numerous 
spatial scales with high accurateness. An authenticated cost function that measures the trade-offs between bionetworks mechanisms 
is a significant innovation. This method allowed DFTe to recover realistic species distributions despite the problem's significant 
dimensionality and offered insightful information about the relative significance of resource limitation, dispersal, environmental 
filtering, and interspecific interactions in structuring tropical forest communities. This combined framework offers a promising 
means of advancing environmental understanding by accomplishment as well as dedicated models for a diversity of systems, such 
as tropical honey bees. 
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1. INTRODUCTION 
A small number of species' communications at fine spatial 
and temporal scales are explicated by extremely thorough 
automatous theories found in ecology [1-3]. Though, 
deprived of focussed on the exchanges between specific 
species, more inclusive combined models can elucidate 
significant ecological arrangements, such as species area 
relationships [4-7]. Though, since limited theories efficiently 
link ecological processes across numerous scales, there is still 
a noteworthy gap between these two attitudes. Environmental 
models should preferably be able to precisely forecast 
patterns at larger scales, such as groups and landscapes, after 
being parameterized at one level of group, such as discrete 
creatures or species. By doing this, predictions and better 
considerations of the dynamics of more complex ecosystems 
would be allowed by scientists using partial field and 
experimental data. Ground-breaking measureable methods 
are required to address these challenges [8-12]. 
Density Functional Theory (DFT) [13-16], a computational 
outline usually used in physics/chemistry to examine many-
body systems, from atoms to planetary cores, is reformed by 
us in order to address this problem. The impression that the 
properties of a system can be determined from the density 
distributions of its essential parts is regarded as the basis of 
DFT. An energy, or cost, functional that characterizes the 
system is considered essential to the theory; equilibrium 
states are found by minimizing this functional. One of the key 
benefits of DFT is recognized as its capability to efficiently 
capture interactions, trade-offs, and constraints among 
various system components. 
The application of DFT to ecological systems is implemented 
by us, motivated by its success in physics [17-20]. While DFT 
has been commonly used in molecular natural science, its 
application in macro-ecology has been comparatively small. 
It was shown by previous research [21] that fruit fly spatial 

distributions in experimental settings could be reliably 
predicted using statistical techniques inspired by DFT. 
Building on this concept, Density Functional Theory for 
Ecology (DFTe) is implemented by us, a more inclusive 
framework. Energy functions precisely for ecosystems are 
formed by DFTe by combining DFT ideas with 
environmental ethics. DFTe does not include quantum 
mechanics into ecology, notwithstanding prejudiced by 
physical models like the Thomas-Fermi context [22-23]. 
Somewhat, by freely parameterizing system subcomponents 
and integrating them for prediction of the behaviour of more 
complex ecosystems, it offers a combined approach for 
connecting ecological processes across scales. We describe 
this general context and show how it can be applied to a 
diversity of ecological systems. Here, Tropical Honey Bees 
spatial distributions in experimental sceneries could be 
reliably prophesied using numerical techniques inspired by 
DFT.  
2. METHODOLOGY  
The energy functional (E), which is constructed as a 
grouping of several ecological components in accordance 
with Eq. (1), is the foundation of Density Functional 
Theory for Ecology (DFTe).  
By creating a cost function and an energy functional, we 
have applied the DFT narrative and methodology to 
ecology. 

 
Where E[n] - The total energy of the system, Edis-
Dispersal energy, Eenv- Environmental energy, Eint-
Species interaction energy 
The best way to comprehend the underlying methodology 
is to start by looking at the dispersal and environmental 
energy terms that are defined in Equations 2 and 3, 
ignoring species interactions for the time being. 



A COMBINED DENSITY FUNCTIONAL THEORY FRAMEWORK FOR MODELING MULTIFACETED ECOLOGIES 
ACROSS SPATIAL AND TEMPORAL SCALES 

 IJDDT Volume 16 Issue 88s 2026 Page: 413 

 
Where Edis[ns] : Dispersal energy of species s,  τs : Dispersal 
strength of species s, A : The spatial domain (Study region), 
dr : Differential area/volume element over the spatial 
domain, ns(r) : Density of species s at location r.  

 
Where Eenv[ns] : Environmental energy of species s, A : The 
spatial domain or study area, dr : Differential spatial element, 
ns(r) : Density or abundance of species s at location, Vs

env(r) 
: Environmental potential (or habitat suitability function) 
experienced by species s at location r [24] 
The interaction energy term permits the assimilation of 
further ecological progressions that amend the symmetry 
between dispersal and environmental favourites. For 
instance, a bi-functional energy component that amends 
the ecological potential experienced by species can be 
used to exemplify responses between organisms and their 
environs. In these situations, the operative environment 
chances into an animatedly altering quantity that is reliant 
on both species densities and environmental 
circumstances. 
The strength of these interactions is firmed by species-
specific scaling limits, and ecological data such as fitness 
metrics, resource-use traits, or experimentally determined 
interaction strengths can be used for the parameterization 
of the interaction kernels themselves. A very pliable 
context is presented by this formulation, which can 
illustrate natural interactions that are both locally and 
spatially extended. 
Higher-order interactions concerning three or more 
species can also be accommodated by the DFTe context. 
A grouping of pairwise effects or ecological processes 
that are truly multifarious and cannot be wrecked down 
into distinct pairwise relations can result in these 
interactions. Abridged ecological subsystems can be 
scrutinised under meticulous situations, and the inferred 
constraints can then be applied to more complex 
ecological settings, allowing model parameterization to 
proceed in systems where higher-order interactions are 
substantial. Similar constructions in physics are used as 
inspiration for the mathematical form of the interaction 
energy. For instance, local interactions can be portrayed 
using contact-type kernels, while long-range interactions 
can be described using kernels that decay with distance. 
DFTe does not integrate any quantum-mechanical norms 
into ecological modelling, despite the mathematical 
context being taken from Density Functional Theory and 
related fields of physics. Instead, it takes mathematical 
methods that work well for exemplifying interacting 
many-body systems and amends them for ecological 
settings. 
The consequential resource-energy functional is used to 
measure the disparity between local resource obtainability 
and community resource consumption. The equilibrium 
density of a species is made inversely proportional to its 
resource requirements and directly proportional to the 
availability of local resources when this term acts alone. 

This straightforward equilibrium is then altered by the 
addition of extra energy components due to species 
interactions, dispersal pressures, and environmental 
effects. 
The same framework naturally accommodates predator-
prey relationships, which views prey abundance as a 
resource that can be used by predators. According to this 
formulation, prey dynamics are still controlled by their 
own ecological limitations, but predator distributions are 
typically coincided with prey distributions. Because of 
this directional dependence, trophic interactions can be 
included in the larger framework of resource 
consumption. 
The focus of the resource-energy formulation on areas 
with high resource densities is recognized as a key 
component. Greater impacts on equilibrium outcomes are 
seen from resource-rich regions than from resource-poor 
ones because variations between availability and 
consumption are penalized quadratically. Resource-
specific weighting factors are introduced to ensure 
ecological realism, meaning that all resources, regardless 
of their absolute abundance, are given the potential to 
limit population growth. For instance, constraints on 
species abundances may be experienced as strongly by a 
rare but necessary mineral as they are by a far more 
plentiful resource like water. Therefore, rather than 
focusing only on absolute quantity, it is guaranteed by the 
weighting scheme that ecological limitation reflects 
biological importance. 
A modular energy-functional framework that can 
represent a variety of ecological processes is formed by 
the terms dispersal, environmental, interaction, and 
resource-energy. The trade-offs between resource 
availability, environmental suitability, species 
interactions, and dispersal constraints that collectively 
determine the structure and dynamics of ecological 
communities are captured by DFTe. 
3. RESULT AND DISCUSSION 
Determining constrained equilibrium states is a key 
component of many basic ecological questions, such as 
how species abundances redistribute in response to 
environmental change. This goal is very similar to 
Density Functional Theory (DFT) in physics. The energy 
functional, a cost function that describes the system, is the 
key quantity in DFT. The equilibrium (ground-state) 
density distributions for a system of (S) interacting 
species with abundances are obtained by minimizing the 
energy functional (E) after the constituent components 
have been defined. A comprehensive picture of the 
system at equilibrium is provided by these densities, and 
the spatial distribution of each species is characterized by 
them. 
Building on this framework, an ecological cost function 
known as the energy functional is created in order for the 
DFT methodology and principles to be applied to 
ecology. As stated in equation 1, a unified framework for 
forecasting equilibrium community structure under 
particular environmental and biological constraints is 
offered by this functional by expressing ecological 
dynamics in terms of species-density distributions and 
their interactions. 
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The ecological energy functional is designed to minimize 
costs specific to species resulting from resource 
consumption, biotic interactions, environmental factors, 
and dispersal. The three terms that appear on the right side 
of Equation 1 correspond to these contributions. Square 
brackets in expressions like (f[n]) indicate that (f) is a 
functional of the density distribution (n) throughout this 
framework. 
We establish a way to compare different system 
configurations [(n', N')] by defining energy (E) for a given 
realization ((n, N)) of an ecological system. The idea that 
a system tends to occupy the configuration with the 
lowest possible energy often referred to as the ground 
state is a fundamental tenet of physics. Using this idea, we 
create the DFTe energy functional (E (N)) so that the 
equilibrium state of the ecosystem with abundances is 
represented by its global minimum. 
The energy functional defines a (S)-dimensional energy 
landscape whose geometry controls system behaviour, 
even though the current work focuses on establishing the 
equilibrium properties of DFTe as a basis for future 
dynamical applications. Specifically, the shape of this 
landscape can determine both non-equilibrium dynamics, 
where external drivers like environmental stochasticity 
may prevent the system from reaching equilibrium, and 
steady-state dynamics, which are comparable to the 
trajectories of celestial bodies in a gravitational potential. 
One way to think of energy is as a gauge of a system's 
ability to change another system. Since energy is additive, 
this capacity doubles when the energy is doubled. This 
characteristic does not, however, imply that the energy 
functional always breaks down into a straightforward sum 
of independent contributions. Rather, physical intuition 
about how various processes contribute to a system's total 
energy drives the additive decomposition used in 
Equation (1). In keeping with this viewpoint, we build the 
ecological energy functional from discrete elements that 
symbolize important ecological processes and whose 
mathematical structures are modelled after analogous 
energy terms in physics. To describe the dispersal 
behaviour of species (s), for instance, the dispersal energy 
is created by modifying the Thomas-Fermi kinetic-energy 
expression. 
The integration is carried out across all spatial locations 
within the focal area (A), and a species-specific dispersal 
pressure parameter is represented by (τ) in Eq. (2). A 
mechanism by which conspecifics may be repelled is 
represented by this formulation, such as through territorial 
behaviour, and an intraspecific dispersal pressure for 
species (s) is captured. In this context, positive energy 
densities are represented by repulsive interactions, while 
negative energy densities are represented by attractive 
interactions. 
Unlike other energy components whose integrands 
exhibit sub-quadratic scaling with density, a type of 
negative density dependence among conspecifics is 
suggested by the dispersal energy’s quadratic dependence 
on species density. Crucially, representation by Eq. (2) is 
not intended for all potential dispersal mechanisms. 
Additionally, inclusion of this equation is not required by 
all ecological applications because dispersal processes 
can also be captured by other elements of the energy 

functional. The quadratic density dependence is 
understood as an emergent consequence of underlying 
individual-level processes that do not need to be explicitly 
identified, whereas the parameter (τ) gives rise to the 
species-specific nature of this term. 
The environmental energy is represented as the second 
part of the total energy functional in Equation (1). This 
phrase is described by how environmental factors affect 
each species equilibrium abundance and spatial 
distribution, much like the function of external potentials 
in physics. The effects of resource availability, habitat 
suitability, and other abiotic factors that influence 
ecological patterns across space are captured by the 
environmental energy through the integration of species-
specific responses to environmental heterogeneity. 
The environmental potential experienced by species (s) at 
a spatial location is represented by Vs

env in Equation (3). 
This term, which is comparable to the external potential 
energy used in Density Functional Theory, is established 
by how environmental factors contribute to species 
energy. Both habitat preferences and external 
environmental influences, such as resource availability, 
anthropogenic disturbances like deforestation, and spatial 
variation in climate, are captured by the environmental 
energy. This is similar to the formulation suggested in 
earlier studies. 
An amphibian species can be used to demonstrate the 
ecological interpretation of Eq. (3). Minimizing the total 
energy functional will favour higher species densities in 
the lake and lower densities in the desert if locations 
corresponding to a lake are assigned negative values of 
Vs

env while the surrounding desert is assigned positive 
values. In this sense, the environmental energy term 
penalizes occupancy of inappropriate areas while 
directing species distributions toward habitats that are 
favourable to the environment. The corresponding 
contributions to the total energy functional shown in Eq. 
(1) are obtained by adding Equations 2 and 3 for every 
species. 
It is crucial to stress that the intricate chemical 
mechanisms underlying ecological processes are not the 
goal of DFTe. The complexity of ecological systems 
makes such a strategy unfeasible. Rather, DFTe uses an 
energy functional that is guided by ecological principles 
and inspired by the conceptual framework of Density 
Functional Theory. This functional goal is to give 
important ecological processes a mathematically tractable 
representation so that individual system components can 
be parameterized and then combined to produce 
predictions at higher ecological organization levels. 
Furthermore, observable quantities like species 
abundances, resource distributions, and associated 
ecosystem characteristics—rather than energy itself—are 
focused on by ecology. Energy is functioned as a 
theoretical construct in the DFTe framework that 
connects these observable variables via a shared 
optimization principle. Therefore, the predictive accuracy 
of the framework is determined by whether the suggested 
mathematical structure of the energy functional is 
effectively capturing the ecological processes governing 
the system rather than whether energy is actually 
minimized by ecological systems. Accurate predictions of 
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species distributions, abundances, and ecosystem 
dynamics can be made by DFTe to the extent that this 
representation holds true. 
Density-Potential Functional Theory (DPFT) [25-30], 
one of the different forms of Density Functional Theory, 
is considered especially appropriate for DFTes goals. An 
explicit expression for the equilibrium density 
distribution of species (s) is provided by DPFT when 
combined with the dispersal energy functional given in 
Equation 4. 

 
Where ns(r) : Density of species s at location r, Vs[n](r) : 
Effective potential experienced by species s, which depends 
on the community configuration n, μs : Chemical potential (or 
Lagrange multiplier) for species s, controlling the total 
abundance of the species, τs : Dispersal strength parameter of 
species s, [x]+ : Positive-part function. 
Zero is substituted for negative values by the operator [ ]+ 
to guarantee non-negative densities. The abundance 
constraint within the focal area (A) is enforced by the 
parameter (us), which is regarded as a species-specific 
Lagrange multiplier. As Vs[n](r) is given as in equation 5- 

 
Where Vs[n](r) : Total (effective) potential experienced by 
species sss at location r, Vs

env(r)V : Environmental potential, 
representing habitat suitability determined by abiotic factors, 
Vs

int[n](r) : Interaction potential, representing the effects of 
interactions with other species and depending on the entire 
community distribution n. 
The amount is a representation of the species' (s) effective 
potential. This potential combines the interaction 
potential (Vsint[n]), which is derived from the functional 
derivative of the interaction energy (Eint[n]), with the 
environmental contribution (Vs

env), which captures the 
impact of external habitat conditions. The densities of 
every other species in the community are linked to the 
distribution of species (s) through this term. 
The quadratic form selected for the dispersal energy in 
Equation 2 directly leads to the straightforward linear 
relationship between the equilibrium density (ns) and the 
effective potential (Vs). Equation 6 illustrates alternative 
dispersal functional those are equally feasible and might 
be more suitable for particular ecological systems, even 
though this formulation is adequate for the proof-of-
concept applications discussed here. In the discussion that 
follows, explicit functional arguments are omitted for 
notational simplicity whenever doing so does not impair 
clarity. 

 
Which include mutualism, amensalism, commensalism, 
and so on.  
Where Eγ [n] - The total energy functional depending on 
the set of densities n={n1,n2,…,ns}, A -A double integral 
over the spatial domain A(surface area or volume), αs, βs 
- Power-law exponents that scale the density, often used 
to account for non-linear correlation or exchange effects, 
γss′ (r, r′) - An interaction kernel describing how 

species s at position r interacts with species s′ at 
position r′, ns(r) and the density of species s at position r 
Equations 4 and 5 together form the foundation of DPFT 
and its ecological extension, DFTe. In this case, fitness 
proxies of species s and s' are used to assemble αs, βs ≥ 0 
and the interaction kernels γss'. The distribution of species 
and the biotic and environmental factors influencing them 
are directly linked by these coupled equations. The 
balance between a species' abundance constraint (us) and 
its effective potential (Vs), which takes into account both 
environmental factors and species interactions, 
determines the species' local density, according to Eq. (4). 
By using this method, DFTe offers a unified framework 
for forecasting equilibrium spatial distributions from a 
limited number of cost-function components that are 
ecologically understandable. 
Equation 4 states that individuals of species (s) 
preferentially occupy areas with the lowest effective cost 
(Vs) resulting from biotic interactions and environmental 
conditions. Local density increases when (Vs) decreases, 
suggesting that more advantageous habitats for the 
species are associated with lower effective potential 
values. The spatial distribution of (Vs) is determined by 
the self-consistent solution of Equations 4 and 5, which 
link species densities and ecological conditions in a 
mutually dependent framework. The trade-off between 
habitat suitability and dispersal is naturally captured by 
this formulation. On the one hand, as local density 
increases, intraspecific dispersal pressure rises and 
additional aggregation is considered costly. Conversely, 
advantageous areas are drawn to by people due to the 
confining force of the effective potential (Vs). 
Significantly, the underlying environmental conditions 
represented by (Vs

env) in this effective potential are altered 
by species interactions, which can be understood as a 
modified environmental landscape. 
Significant flexibility in the specification of species-
interaction functionals (Eint[n]) is provided by this 
framework, despite being only one potential application 
of Density Functional Theory for Ecology (DFTe). A 
reliable and accurate description of empirical ecological 
patterns and distributions is offered by this method, as 
will be shown by the analyses that follow. 
This biological system is used as a representative case 
study in order to develop and validate the Density 
Functional Theory for Ecology (DFTe) framework. By 
using this example, it is hoped that:  

i. DFTe predictions are shown to agree with both 
empirical observations and well-established 
ecological modelling techniques 

ii. The advantages and disadvantages of DFTe are 
assessed in comparison to other approaches. 

iii. The fundamental elements of the framework can 
be applied practically. 

iv. Customized DFTe models can be derived from 
the general energy functional to study modified 
or extended ecological systems.  



A COMBINED DENSITY FUNCTIONAL THEORY FRAMEWORK FOR MODELING MULTIFACETED ECOLOGIES 
ACROSS SPATIAL AND TEMPORAL SCALES 

 IJDDT Volume 16 Issue 88s 2026 Page: 416 

 
Figure 1: Our DFTe framework is the first step towards a 
universal density functional theory for ecology as a 
whole, and the successful modelling of these diverse 
setups offers hope that it can handle a far wider range of 
ecological systems 
An outline of this agenda is given in Figure 1, which 
summarizes the main components and conclusions drawn 
from the DFTe analyses of this case study. 
DFTe performs similarly to establish modelling 
approaches created specifically for the corresponding 
ecological problems across all systems analysed. Climate-
envelope models, Lotka-Volterra models, R* theory, 
density-functional fluctuation theory, the Maximum 
Entropy Theory of Ecology, and various statistical 
techniques are among them. One of the main benefits of 
DFTe is its generality, which is highlighted by the 
requirement for such a wide range of alternative models 
to handle the various case studies. DFTe offers a unified 
theoretical structure that can handle a wide range of 
ecological phenomena, as opposed to depending on a 
separate modelling framework for every ecological 
application. 
However, it is not always appropriate to view models built 
within the DFTe framework as precise depictions of fine-
scale causal mechanisms. Rather, they frequently serve as 

useful explanations of ecological processes in which 
observed patterns might not be directly related to 
particular elements of the energy functional. The 
consistent relations avowed in Table1 are consequently 
prototypical slightly than difficult. For instance, as 
illustrated in figure 1, the psychological profile of honey 
bees in this case study may be represented by nonlocal 
repulsive interactions, local dispersal pressure, or a 
combination of both mechanisms.  
Table 1: Links between ecological 
concepts/phenomena and DFTe parameters 

Intra-specific 

Interaction 

τs Interpretation 

Spreading/ 

Dispersal 

> 0 Avoidance of 

conspecifics 

Aggregation < 0 Beneficial proximity 

of conspecifics 

 

Environment Vs
env Interpretation 

Attraction Small Favourable region 

Repulsion Large Hostile region 

 

Bipartite 

Interactions 

γss′                         

(αs, βs) 

Impact on s, s’ 

Amensalism     > 0                      

(0, 1) 

(0, -) 

Repulsion     > 0                      

(1, 1) 

(-, -) 

Parasitism     > 0                      

(1, 2) 

(+, -) 

Commensalism     < 0                       

(0, 1) 

(0, +) 

Mutualism     < 0                       

(1, 1) 

(+, +) 

 
Figure 2: DFTe's capacity to manage 

resource limitations is demonstrated through an 
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application to Tilman's algae competition 
experiments 

 
Figure 3: DFTe's ability to forecast a population's spatial 
distribution given a fixed total abundance is 
demonstrated through an application to confined honey 
bees 
To demonstrate the fundamental computational procedure 
of DFTe namely, the minimization of the energy 
functional (E) subject to fixed species abundances (N), we 
first consider the honey bee experiment reported by 
Dhruba Naug et al. [31]. We find that DFTe accurately 
predicts the spatial distributions of honey bees under 
novel environmental conditions, achieving performance 
comparable to state-of-the-art modelling approaches 
(Figure 3). 
Fitting a two-parameter energy functional (E) to two 
experimental datasets that describe the spatial 
distributions of bees is the first step in the DFTe workflow 
(Figure1).  
Applications of the Maximum Entropy Theory of 
Ecology would be similarly limited if the constraints were 
limited to low-density observations. Maximum-entropy 
approaches must assume that individuals are independent 
of each other in the absence of additional system-specific 
information. In contrast, density-dependent dispersal and 
interaction processes are explicitly included in DFTe, 
allowing for more accurate predictions under shifting 
population and environmental conditions. 
Overall, this case study illustrates how DFTe combines 
biotic interactions, environmental heterogeneity, and 
dispersal effects into a single theoretical framework, 
showcasing both its predictive ability and its potential for 
mechanistic ecological inference. 
We looked into DFTe's capacity to include resource 
constraints controlling species coexistence in order to 
further highlight its adaptability. In a series of seminal 
experiments, D. Tilman examined competition between 
four algal species to test the predictions of R* theory [32]. 
He demonstrated that a dynamic model parameterized 
from single-species experiments could be used to predict 
the results of pairwise competition. Predictions for 
multispecies competition were also produced by these 

fitted models, though they have not yet undergone 
experimental verification. 
By calibrating DFTe to the pairwise competitive 
outcomes predicted by R* theory, we created an 
alternative framework for forecasting the results of 
multispecies competition. Crucially, rather than using 
Tilman's experimental pairwise results, some of which 
represented transient dynamics rather than equilibrium 
states the calibration was based on the theoretical pairwise 
predictions of R* theory. As seen in Figure 2 , the 
resulting DFTe model demonstrated exceptionally good 
agreement with the R* theory predictions in every 
competitive scenario investigated. 
Our method makes the assumption that two important 
ecological characteristics the inverse of the minimum 
resource requirement ((R^*)) and the nutrient 
requirement per cell determine species-specific 
competitive abilities. Fitness proxies from Tilman's 
monoculture experiments and species-specific resource 
demands were used to parameterize the energy functional 
used in this analysis. Only two free parameters needed to 
be estimated after this parameterization, and these were 
fitted collectively to all pairwise competition outcomes 
produced by R* theory. 
The case study is demonstrated by DFTe to show how 
data can be converted from comparatively simple 
ecological systems into forecasts for more intricate 
community assemblages. The results of an established 
resource-competition theory are successfully replicated 
by the framework, while a cohesive mathematical 
structure is preserved, despite its extremely general 
formulation. Thus, it is shown by the findings that DFTe 
has the potential to be a scalable method for connecting 
ecological processes at different biological complexity 
levels, ranging from pairwise interactions to multispecies 
community dynamics. 
More specialized ecological theories, such as R* theory 
and the recently proposed community assembly rule, 
which holds that species that can coexist in multispecies 
communities are those that can coexist in all pairwise 
interactions, are compared to DFTe’s predictive 
performance. It is shown by this agreement that, while a 
cohesive mathematical structure is retained, the results of 
theories created especially for specific ecological 
processes can be replicated by a general framework like 
DFTe. 
However, R* theory is deviated from by DFTe in a 
number of significant ways. One drawback is that 
pairwise competition results, not data from single-species 
experiments, were used to parameterize the DFTe model. 
Data from a higher level of ecological organization is 
depended upon by this method, but the need for specific 
mechanistic information is also lessened. However, the 
difficulty of creating highly parameterized, fine-scale 
descriptions of multispecies systems is circumvented by 
this approach, which frequently become more 
complicated and challenging to calibrate as the number of 
interacting species increases. 
Furthermore, parameters that are essential to R* theory, 
like resource supply rates ((F)) and maximum species 
growth rates, are not explicitly included in our DFTe 
formulation. Therefore, predictions for alternative 
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resource-flow regimes cannot be directly generated by the 
DFTe energy functional calibrated for a specific value of 
(F) without additional parameterization, even though 
equilibrium community composition across a range of 
resource-supply conditions can easily be predicted by R* 
theory [33-34]. 
In a broader sense, a potentially fruitful method for 
researching intricate ecological systems is offered by this 
application. To gain a thorough grasp of systems with 
comparatively few interacting components, detailed 
mechanistic theories, like R* theory, can first be used. 
Predictions can then be scaled up to larger and more 
complex ecological communities by incorporating the 
patterns and insights from these well-characterized 
systems into the DFTe framework. In this way, DFTe acts 
as a link between predictive modelling at larger levels of 
ecological organization and mechanistic understanding at 
smaller scales (Figure 2). 
The emergence of zonation, which is defined by sudden 
shifts between species distributions even in the presence 
of a continuous environmental gradient, was a noteworthy 
result of these simulations. According to the DFTe 
framework, zonation is caused to emerge as a fleeting 
phenomenon by species interactions rather than sudden 
changes in the environment. If full equilibrium is 
consistently prevented from being achieved in the system 
by environmental disruptions, long stretches of time may 
be endured by such patterns in natural ecosystems and 
even developed into long-lived dynamic steady states. 
It is shown by this case study that intricate and 
ecologically significant predictions can be produced by 
DFTe from comparatively small datasets. The framework 
is recognized as a potent tool for examining both the static 
and dynamic characteristics of ecological communities 
since information about transient ecological processes 
and the formation of spatial patterns can be revealed in 
addition to equilibrium distributions being reproduced. 
The wider applicability of DFTe beyond static ecological 
predictions is demonstrated by these results. A promising 
way to comprehend and forecast ecological systems that 
show cyclic behaviour, persistent fluctuations, and other 
types of non-equilibrium dynamics is provided by the 
framework through the connection of equilibrium theory 
with dynamic population processes. 
When combined, it is shown by these findings that DFTe 
is still useful in species-rich environments with high 
levels of uncertainty and scant ecological data. Large-
scale spatial patterns are successfully replicated by the 
framework, which also produces insights that align with 
more specialized ecological methodologies.  
The wide range of applications of DFTe is recognized as 
one of its unique features. To the best of our knowledge, 
no ecological framework currently in use has been 
demonstrated to effectively model such a wide range of 
ecological systems within a single theoretical framework. 
Although these findings are encouraging, they should not 
be interpreted as conclusive proof of universal 
applicability. Instead, attention is drawn to the need for 
on-going assessment of the framework across a wider 
range of ecological systems, environmental 
circumstances, and organizational scales. 

Therefore, the empirical testing of DFTe should be 
increased by future studies, the performance in systems 
with higher ecological complexity and uncertainty should 
be investigated, and alternative formulations of its energy 
components should be examined. The elucidation of the 
frameworks advantages and disadvantages will be aided 
by these initiatives while the creation of a more cohesive 
and predictive theory of ecology will be advanced. 
All things considered, DFTe is represented as a promising 
step toward combining statistical and mechanistic 
methods into a single theoretical framework. A fresh 
approach to long-standing issues about species 
coexistence, community assembly, ecosystem dynamics, 
and biodiversity maintenance is offered by it through a 
scalable framework that can connect ecological processes 
across levels of organization. 
The modular structure of DFTe is recognized as one of its 
main advantages. Each of the various components that 
make up the energy functional is represented as a unique 
ecological process with a distinct biological 
interpretation. Crucially, the parameters related to these 
components can frequently be estimated from simpler 
subsystems, which allows for the gradual construction of 
ecological complexity. Another important benefit is that 
the determination of species distributions and the 
identification of trade-offs between competing ecological 
processes are not significantly complicated by the 
mathematical complexity of the energy functional, which 
naturally increases with ecosystem complexity. The long-
standing problem of integrating various interacting 
mechanisms and constraints within species-rich 
communities living in complex environments is thus 
addressed by DFTe. 
Ecological processes are modelled as separately 
parameterized energy components connected by a 
common energy functional in the DFTe framework. 
Differences between predictions and observations are 
noted every time, and the model can be easily extended 
and refined thanks to its modular architecture. New 
ecological mechanisms can be added without changing 
the framework as a whole. For instance, the interaction 
energy term can be extended to introduce higher-order 
species interactions.  
However, compared to extremely detailed mechanistic 
theories like R* theory, DFTe is regarded as more 
phenomenological. For instance, results from R* theory 
were used as inputs in the analysis of algal competition to 
expand predictions to more intricate ecological scenarios. 
DFTe is not seen as a completely first-principles 
framework that is directly derived from individual-level 
interactions, just like all other contemporary ecological 
theories. Rather, the energy components are based on 
parsimonious assumptions, empirical observations, and 
ecological intuition. This intermediate degree of 
mechanistic detail is undoubtedly recognized as one of the 
best features of the framework. The use of DFTe in data-
constrained environments is regarded as a crucial 
practical consideration. Once more, the framework is 
placed somewhere in the middle of conventional 
mechanistic and statistical methods. Useful predictions 
can still be produced by DFTe if reasonable ecological 
assumptions are available, even though poor performance 
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is frequently exhibited by statistical models when data are 
scarce. In this context, two challenges are considered 
especially significant. The first step in keeping the 
number of fitted parameters and model complexity under 
control is finding the most important elements of the 
energy functional. Enough ecological intuition must be 
developed to create energy-function expressions that 
correctly integrate the pertinent ecological variables and 
processes, which is the second challenge. 
The case studies in this work show that DFTe models with 
predictive performance comparable to that of well-
established ecological approaches can be built with even 
a relatively basic understanding of ecosystem 
functioning. We have shown the potential of DFTe as a 
unified framework for ecological modelling through 
tropical honey bee. Although the framework is inspired 
by physics' Density Functional Theory, it is 
fundamentally different in that its energy functional 
cannot be obtained from first principles. Rather, 
ecological knowledge, empirical data, and parsimonious 
modelling assumptions must be combined to create 
ecological energy functionals. 
Like any ecological theory, the worth of DFTe is 
ultimately determined by how well empirical 
observations are explained and forecasted. A common 
theoretical foundation is maintained by DFTe while a 
performance similar to that of specialized ecological 
models is exhibited across the various systems studied in 
this study. These results imply that a great deal of 
potential is held by DFTe to develop into a widely 
applicable framework for researching ecological systems, 
encompassing both equilibrium and dynamic phenomena 
at various temporal and spatial scales. However, 
methodological advancement and on-going empirical 
validation will be considered necessary for its long-term 
usefulness. Many examples in history of physics-based 
ideas that have developed into significant frameworks in 
other fields are present. It was started out as a heuristic 
analogy and, after decades of improvement, evolved into 
a potent predictive framework. A similar direction might 
be taken by DFTe, with its development from a 
fundamental conceptual framework to more robust and 
all-encompassing ecological applications [35]. 
More generally, we hope that this work will encourage 
multidisciplinary research at the nexus of ecology and 
physics. Density Functional Theory's guiding principles 
may be useful for a variety of complex phenomena, such 
as the spread of epidemics, transportation networks, urban 
dynamics, and financial systems, in addition to ecological 
systems. It will take persistent interdisciplinary 
cooperation to overcome such obstacles. By presenting 
DFTe, we hope to start a more extensive discussion about 
how one of the most effective theoretical frameworks in 
physics can be modified to answer important issues in 
ecology and other fields. 
4. CONCLUSION 
In this work, we present Density Functional Theory for 
Ecology (DFTe), a unified modelling framework that 
draws inspiration from physics' Density Functional 
Theory (DFT). DFTe offers a common framework that 
can connect mechanistic descriptions of basic ecological 
interactions with predictive models of large, complex 

communities by adapting the conceptual and 
mathematical underpinnings of DFT to ecological 
systems. We show that DFTe effectively replicates 
observed ecological patterns and produces predictions 
that are in line with accepted ecological theories and 
experimental data across a variety of systems through a 
number of empirical and synthetic case studies. 
The species that make up the synthetic ecosystem vary in 
a number of ecological traits, such as their dispersal 
strengths (τs), habitat preferences (Vs

env), interaction types 
(αs, βs), interaction strengths (γss′, αs & βs), and the kinds 
and amounts of resources needed for survival. 
A number of ecological quantities, such as individuals per 
unit area, biomass density, species frequency, fractional 
land cover, or any other appropriate metric, can be 
represented by the density (ns) of each species. 
Accordingly, the model parameters, like (τs), (Vs

env), and 
associated quantities, incorporate units and absolute 
scales. Within the coarse-grained study area (A), we 
assume that individuals are only directly impacted by 
conspecifics and hetero-specifics that occupy the same 
spatial unit. The honey bee system that was previously 
experimentally studied, is in good agreement with our 
computational results by DFTe Theory. 
This method allowed DFTe to recover realistic species 
distributions despite the problem's significant 
dimensionality and offered insightful information about 
the relative significance of resource limitation, dispersal, 
environmental filtering, and interspecific interactions in 
structuring tropical forest communities. 
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