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Abstract

The beef production chain plays a strategic role in Brazilian and global agri-food systems
and faces growing demands for sustainability, transparency, and traceability. Building
on official Animal Transit Guide (GTA) records from Mato Grosso do Sul, Brazil, this
study examines whether a parsimonious agent-based model (ABM) can generate the main
structural signatures of an observed cattle-trade network. The empirical benchmark is
a directed and weighted network with 20,827 nodes and 258,120 weighted edges. The
ABM represents producers and slaughterhouses as spatial agents connected by trade deci-
sions based on three mechanisms: destination attractiveness, defined as the accumulated
pull of a slaughterhouse based on previous simulated throughput; geographic distance,
representing spatial friction; and relational memory, representing the tendency to repeat
previous commercial ties. Producer choice is formalized through a local utility function
that combines attractiveness, distance penalty, and relational memory under capacity,
sourcing-radius, and saturation constraints. In the simulated scenarios, the top-five slaugh-
terhouses accounted for 38.49 4 2.56% of throughput at reduced scale and 14.40 £ 0.65%
at intermediate scale, while weighted mean distances were 11.94 + 0.56 and 9.07 & 0.39
model units, respectively. The model reproduced, in structural and mechanistic terms,
the emergence of dominant hubs, the concentration of flows, and the bounded increase
in transaction distance with connectivity around the empirical threshold of kw ~ 256.
Sensitivity analyses indicated that attractiveness increases concentration, distance localizes
transactions, and relational memory can stabilize repeated ties when recurrent activation is
represented. Rather than reconstructing individual transactions, estimating policy impacts,
or identifying a unique parameter vector, the model provides a generative explanation
of how local trade rules can produce macro-level network patterns consistent with the
observed cattle-trade regime. These findings support future prospective analyses of cattle
governance, traceability, and sustainability within the broader context of Livestock 4.0.
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1. Introduction

The beef production chain occupies a strategic position in global agri-food systems,
with implications for food security, international trade, and rural livelihoods [1,2]. In Brazil,
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this importance is amplified by territorial scale, regional heterogeneity, and increasing
demands for sustainability, traceability, and digital governance [3,4]. Understanding how
cattle trade networks are structured is therefore essential for analyzing efficiency, resilience,
sanitary monitoring, and the capacity of digital traceability systems to support governance
in complex livestock markets.

Network science has become an important framework for studying complex systems
with heterogeneity, emergence, and feedback [5-7]. In livestock systems, it has been used
to analyze concentration, connectivity, disease diffusion, and market vulnerability [8-12].
Recent studies also examine temporal organization, block structure, and regional mobility
in cattle trade networks [13-15]. Together, these studies show that cattle commercializa-
tion is shaped by hierarchies, territorial frictions, and asymmetric connectivity. Evidence
from South American cattle-trade systems remains comparatively limited. In Brazil, previ-
ous research has examined cattle-trade networks and disease-related risks in Parana [15],
while the present study builds on GTA-based evidence from Mato Grosso do Sul [16].
This regional focus is relevant because Brazilian cattle systems differ from many tem-
perate livestock systems in spatial scale, road infrastructure, slaughterhouse distribution,
sanitary governance, and territorial heterogeneity. Thus, calibrating a generative model
against an observed Brazilian cattle-trade network addresses both a methodological gap
in ABM-based livestock modeling and a regional gap in the literature on South American
cattle commercialization.

Agent-based modeling offers a complementary approach because it allows macro-level
patterns to emerge from local decisions made by heterogeneous agents under bounded
rationality and operational constraints [17-20]. In livestock commercialization, real deci-
sions may involve price, destination size, contracts, geography, routinized partnerships,
infrastructure, and institutional restrictions. The present model does not attempt to repre-
sent all these dimensions explicitly. Instead, it isolates three structural mechanisms that can
be evaluated with the available empirical information: destination attractiveness, spatial
friction, and relational memory. This choice is consistent with the use of spatial ABMs to
represent human-environment interactions in agricultural systems, where local behavior,
spatial heterogeneity, and feedback between agents and territory are central [21,22]. Spatial
ABMs are therefore suitable when local behavior interacts with territorial structure [21].
Although ABM has already been applied to market, welfare, production, and coordination
problems in livestock systems, empirically anchored applications directly calibrated against
observed commercialization networks remain limited [23,24].

The empirical benchmark used here comes from a previous study based on GTA
records from Mato Grosso do Sul between January 2021 and June 2022 [16]. That study
characterized a directed and weighted cattle trade network composed of 20,827 nodes and
258,120 edges. The network showed strong asymmetry, with many producers connected
to relatively few slaughterhouses, and a weighted-degree distribution compatible with a
heavy-tailed regime up to a critical threshold of approximately kw_critical ~ 256. This
pattern suggests the joint action of cumulative attraction, destination heterogeneity, and
spatial constraints, in line with preferential attachment, node fitness, and constrained
network growth [25-27]. However, descriptive network evidence alone does not establish
which minimal mechanisms are sufficient to generate such a regime.

This gap is especially relevant for digital livestock governance. The expansion of trace-
ability databases, interoperable platforms, and analytical tools associated with Livestock
4.0 creates opportunities to connect empirical transaction records with simulation models
for prospective analysis [1,3,28]. In this context, the contribution of the present article is not
to reconstruct individual transactions or predict specific commercial decisions, but to test
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whether a small set of local rules can generate the main structural signatures observed in
the empirical cattle-trade network.

This purpose also distinguishes the present ABM from statistical network models.
In livestock-trade research, exponential random graph models have been used to repro-
duce, understand, and predict trade-network structure, while temporal exponential-family
random graph models (TERGMs) are relevant for modeling tie dynamics in time-varying
systems [29,30]. These approaches are complementary rather than competing. Statistical
network models are useful for inference on evolving tie structure and observed covariates,
whereas the ABM developed here formalizes a generative mechanism linking micro-level
decisions to macro-level trade patterns. It represents heterogeneous agents, spatial con-
straints, capacity limits, feedback from previous flows, and repeated interaction as explicit
mechanisms that can be experimentally inspected.

This study therefore addresses three connected gaps. First, most livestock-trade net-
work studies describe observed structures, but fewer explain how such structures may
emerge from local trade decisions. Second, ABM applications in livestock systems re-
main only partially connected to empirically observed cattle-commercialization networks,
especially in South American contexts. Third, the mechanisms linking slaughterhouse at-
tractiveness, spatial frictions, and repeated commercial ties remain insufficiently formalized.
The research question is: can a parsimonious agent-based model, grounded in GTA-based
network evidence, generate the main structural signatures of the Mato Grosso do Sul
cattle-trade network? The central hypothesis is that the large-scale organization of this
network can emerge from the interaction of cumulative attraction, relational persistence,
and spatial-operational constraints.

2. Materials and Methods
2.1. Empirical Basis, Modeling Purpose, and Validation Targets

The empirical basis of this study is the GTA database previously analyzed by [16] for
Mato Grosso do Sul, Brazil, covering the period from January 2021 to June 2022. The result-
ing network is directed and weighted, with producers and slaughterhouses represented
as distinct classes and cattle movements represented as producer-to-slaughterhouse flows
weighted by the number of animals moved. This benchmark network contains 20,827 nodes
and 258,120 weighted edges and provides the empirical reference for model calibration
and validation.

The methodological strategy is to move from empirical diagnosis to generative expla-
nation. Rather than reconstructing each historical transaction, the model tests whether a
small set of local mechanisms can reproduce the main structural regime observed in the
empirical network. This design follows the logic of explanatory ABM, based on parsimo-
nious rules, transparent behavioral assumptions, and explicit links between micro-level
decisions and macro-level outcomes [17-20]. It also follows the pattern-oriented modeling
tradition, in which models are evaluated against multiple empirical regularities instead of
a single target metric [31].

The empirical validation targets were derived from the GTA-based network: weighted-
degree concentration, emergence of slaughterhouse hubs, bounded expansion of mean trans-
action distance with connectivity, and a saturation regime around kw_critical ~ 256 [16]. The
benchmark data include recorded animal movements, origins, destinations, and transaction
volumes, but not transaction-level prices, payment terms, contracts, transport costs, or
detailed buyer—seller agreements. Therefore, the model focuses on structural mechanisms
that can be linked to the available network evidence, rather than on a complete economic
representation of producer choice.
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The simulation uses 18 stylized allocation rounds over a horizon comparable to
the empirical observation period. A tick should be interpreted as an abstract decision
cycle, not as a literal calendar month. This temporal abstraction supports mechanism
identification, but it also limits the direct interpretation of outputs related to repeated trade
and relational persistence.

2.2. Model Architecture, Decision Rule, and Dynamic Updating

The ABM was implemented in NetLogo 6.4.0, and the complete NetLogo source code is
provided as Supplementary Material. The model description follows an ODD-inspired logic
while remaining organized according to the journal format [18]. As shown in Figure 1, the
model includes two agent classes, producers and slaughterhouses, connected through an
operational cycle of initialization, local decision-making, link formation, dynamic updating,
and output export. Producers are initialized with heterogeneous supply, location, zone,
and a relational-memory table. Slaughterhouses are initialized with location, zone, capacity,
remaining capacity, incoming flow, and dynamic attractiveness. The simulation generates a
directed weighted trade network and exports aggregate metrics for post-processing.

Inputs

Parameters (a, B, 6, radius, capacity)
Producer supply (mean, sd)

Producer generates supply

v

Calculate utility:
U = a:In(kw+1) — B-distance + 6-relationship

v

Choose slaughterhouse
(within radius & capacity)

v

Create transaction
(weight, distance, tick)

v

Update capacity, attractiveness, loyalty

Outputs

Directed trade network

* Metrics (total, mean distance)
* One-mode projection
* CSV export

Figure 1. Conceptual architecture and operational cycle of the ABM.
Producer choice is governed by the following local utility function [16]:
Uij = ov-In(kwj + 1) — B-dij + 0-Rij, (1)

where kwj is the attractiveness of slaughterhouse j, dij is the Euclidean distance between
producer i and slaughterhouse j, and Rjj is the relational memory between the pair. The
parameter o controls the weight of destination attractiveness, 3 controls the spatial penalty,
and 0 controls relational reinforcement.
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Attractiveness is treated as a lagged endogenous state variable: producers use the
attractiveness accumulated up to the previous updating step, and realized flows affect
only future attractiveness. In the implementation, attractiveness is saturated through
kwj = min(kwj, kw_critical), preventing unlimited cumulative advantage in the decision
layer. Attractiveness is a stylized throughput-based state variable and should not be inter-
preted as a direct measure of price, contract status, transport cost, sanitary requirements,
payment conditions, or buyer reputation, which are not available in the GTA benchmark.

Producers evaluate only viable slaughterhouses, defined as destinations within the
sourcing radius, with remaining capacity, and compatible with the zoning rule when this
option is activated. Relational memory is also stylized. Rij records whether a simulated
dyadic relation has been reinforced by previous interaction and then gradually decays over
time. It should not be interpreted as a direct measure of trust, formal contracts, logistics
convenience, payment reliability, or long-term lock-in. Instead, it formalizes the possibility
that repeated commercial interaction can stabilize trade structure.

The three terms of the utility function correspond to complementary mechanisms.
Attractiveness represents cumulative destination advantage and destination heterogeneity;
distance represents spatial friction; and relational memory represents boundedly rational
repetition of previous commercial ties. The function is not intended to estimate complete
producer utility, but to formalize a minimal behavioral mechanism capable of generating
the structural patterns analyzed in this article.

At the beginning of each iteration, slaughterhouses restore remaining capacity to
their fixed initialized capacity and reset incoming-flow counters. Producers with positive
supply evaluate viable destinations, choose the slaughterhouse with the highest utility, and
generate a weighted directed link. After the transaction, producer supply is exhausted in
the baseline implementation, and relational memory is updated for the selected pair. At the
end of the iteration, slaughterhouse attractiveness is updated according to received flow
and attractiveness decay. This cycle links cumulative attraction, spatial restriction, capacity
limitation, and relational memory in a livestock trade setting [17,19,32].

2.3. Initialization, Baseline Parameterization, and Replication Protocol

The model combines deterministic behavioral rules with stochastic initialization. At
setup, all agents are placed in a discrete two-dimensional territory with randomly assigned
coordinates. Slaughterhouse capacities are drawn from a normal distribution centered
on base-capacity with dispersion capacity-std and truncated to remain positive. Produc-
ers receive heterogeneous supply drawn from a normal distribution centered on mean-
supply with dispersion sd-supply. Producers and slaughterhouses are also assigned one of
three stylized zones.

Capacities are not redrawn at each iteration. Each slaughterhouse restores its initially
assigned capacity at the beginning of every allocation round. Producer supply is initialized
at setup and consumed when a trade occurs. Thus, the model distinguishes static attributes
assigned at initialization, dynamic state variables updated during the simulation, and
stochastic variation introduced through random seed changes across replications.

The baseline parameters are reported in Table 1. The simulated system includes
400 producers and 18 slaughterhouses at reduced scale and 2000 producers and 50 slaugh-
terhouses at the intermediate scale. The simulation length is 18 stylized allocation rounds.
The core decision parameters are « = 1.0, 3 = 0.05, and 6 = 0.50; the sourcing radius is 25;
kw_critical = 256; kw-decay = 0.10; and loyalty-decay = 0.05. Producer supply is initial-
ized with mean 10 and standard deviation 2, while slaughterhouse capacity is initialized
with mean 220 and standard deviation 40. In the baseline scenario, zoning restrictions
are deactivated.
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Table 1. Baseline parameters and global variables.

Category Parameter Symbol/Variable Baseline Value Description
Number of 400 (reduced Simulated producer
Structure n-producers (Np) scale) /2000 .
producers (intermediate scale) population
Structure Number of n-slaughterhouses 18 (reduced scale)/50  Active slaughterhouses
slaughterhouses (Nf) (intermediate scale) in the system
Stylized allocation
. . rounds over a
Temporal Simulation length T 18 comparable observation
horizon
. Weight of destination
. Attractiveness . .
Decision . alpha (x) 1.0 attractiveness in the
weight s .
utility function
Decision Distance weight beta (j3) 0.05 Spatial penalty
& ’ associated with distance
. Relational memory Relational reinforcement
Decision weight theta (0) 0.50 through R;
Constraint Sourcing radius sourcing-radius 25 Maxunum transaction
distance
Saturation threshold
Structural Critical threshold kw-critical 256 applied in the utility
function
Initial slaughterhouse
Dynamic Initial attractiveness kw at setup 1 attractiveness before
dynamic updating
Memory decay of
Dynamic Attractiveness decay kw-decay 0.10 slaughterhouse
attractiveness
Relational Relatlogjclar;emory loyalty-decay (w) 0.05 Relational forgetting
Mean supply per Mean of the initial
Supply ‘o le;Ic)e}r] p mean-supply 10 producer supply
p distribution
Supply standard Dispersion of the initial
Supply - sd-supply 2 producer supply
deviation .
distribution
Mean of the initial
Mean slaughterhouse capacity
Capacity slallcih’fsi}:ouse base-capacity 220 distribution; restored
pactty each round
. Dispersion of the initial
Capacity Capac:lty st.andard capacity-std 40 slaughterhouse capacity
deviation o
distribution
Governance Zoning restriction enforce-zoning? false If true, transactions
require the same zone
Stylized territorial
Governance Number of zones implicit in setup 3 categories assigned

randomly at
initialization
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Table 1. Cont.

Category

Parameter Symbol/Variable Baseline Value Description

Projection

One-mode projection
window

Window (ticks) for

projection-window 5
co-occurrence

Export

Export window export-window-
length length

0 exports from the
0 beginning; >0 uses a
moving window

Export

Export file base name export-base “export” Export file prefix

Independent replications were conducted with distinct random seeds while keeping
behavioral and operational parameters fixed within each scenario. The broader experimen-
tal design comprised 20 planned executions per scenario, of which 10 network realizations
were exported for detailed post-processing and structural inspection. Unless otherwise
indicated, simulated summary metrics are reported as mean =+ standard deviation across
replicated runs.

2.4. Scaling Assumptions, Sensitivity Design, and Validation Strategy

The ABM was implemented at reduced and intermediate scales rather than at the full
empirical size of 20,827 nodes. This reduction reflects the explanatory purpose of the model:
to test whether the same local mechanisms can generate the main structural signatures
of the observed trade network, not to reconstruct the empirical system transaction by
transaction. Reduced-scale simulation is acceptable insofar as it preserves the essential
asymmetry of the empirical system: many origin agents, relatively few destination hubs,
spatially bounded interaction, and adaptive reinforcement through attractiveness and
relational memory.

This scaling choice imposes limits. Absolute concentration levels, distance magni-
tudes, and detailed frequency counts are scale-dependent and should not be interpreted
as one-to-one estimates of the empirical network. Validation is therefore structural and
mechanistic: it evaluates whether the model preserves functional patterns across simulated
scales, including many-to-few asymmetry, spatially bounded destination choice, nonlinear
reinforcement of destination attractiveness, and saturation under capacity constraints.

Sensitivity analysis was used to assess whether the main outputs respond coherently
to parameter changes. The parameters o, 3, and 6 were varied to evaluate their effects on
concentration, mean transaction distance, and relational persistence. Additional parameters,
including sourcing radius, kw_critical, decay rates, supply, and capacity, were used to
inspect operational saturation, memory, heterogeneity, and scale effects. The tested ranges
are summarized in Table 2.

Table 2. Sensitivity design: parameter ranges, target outputs, and expected directional effects.

Parameter

Tested Range Main Target Output Expected Directional Effect

Higher o increases concentration in
dominant slaughterhouses and
reinforces cumulative advantage.

Concentration/hub

0-5-2.0 hierarchy

Mean transaction Higher (3 localizes transactions and

0.01-0.12 distance/spatial reach reduces spatial reach.

Higher 6 increases repeated
interaction when recurrence is
temporally feasible.

Tie persistence/relational

0.0-10 stability
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Table 2. Cont.

Parameter Tested Range Main Target Output Expected Directional Effect
sourcing-radius 10-50 Spatial rgach / candidate Higher Ve.llues exp.and' the set of
destination set feasible destinations.
. Higher values delay saturation and
kw_critical 128-512 Saturation/bounded allow stronger cumulative attraction
growth .
before truncation.
Hub .
kw-decay 0.05-0.30 persistence/concentration Higher V.alues weaken long-term
. attractiveness accumulation.
stability
. . . Higher values weaken relational
Tie repetition/relational
loyalty-decay 0.01-0.20 . memory and reduce carryover from
persistence
past exchanges.
Throughput Higher values increase traded
mean-supply 5-20 concentration/capacity volume and may intensify
pressure operational saturation.
sd-supply 0-6 Flow heterogeneity Higher V'fﬂues increase hfzterogenelty
in transaction size.
Capacity Higher values allow greater
base-capacity 150-300 pressure/bounded hub accumulation before capacity
growth becomes binding.
Capacity . . .
capacity-std 0-80 inequality/concentration Higher values increase heterogeneity
. among slaughterhouses.
regime
. Regional Activation promotes territorial
enforce-zoning? false/true . . )
modularity/fragmentation segmentation.
.. . One-mode Higher values increase co-occurrence
projection-window 3-10 I . Y
projection/clustering opportunities.

Table 2 summarizes the tested ranges, target outputs, and expected directional effects
used to guide the sensitivity analysis. This summary is presented directly in the main text
to keep the methodology concise and transparent.

The value kw_critical = 256 is used as an empirical structural anchor derived
from the benchmark network [16]. It should not be interpreted as a regulatory thresh-
old or as a decision rule consciously perceived by producers. In the model, it oper-
ates as a saturation device that prevents unlimited cumulative advantage in perceived
destination attractiveness.

Although the validation remains structural and mechanistic, the revised analysis
also reports quantitative comparison metrics whenever possible, including concentration
indicators and the correspondence between empirical and simulated degree—distance
patterns. These indicators do not eliminate the structural nature of the validation, but
they make the empirical grounding more transparent and directly address concerns about
parameter identification and statistical validation.

3. Results
3.1. Baseline Regime and Empirical Correspondence

The baseline simulations indicate that the observed cattle trade structure can be gen-
erated by the interaction of cumulative attraction, spatial friction, operational constraints,
and relational memory. At the micro-level, producers evaluate only feasible slaughter-
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houses and rank them according to lagged attractiveness, distance, and relational memory.
Attractiveness reinforces already central destinations, while the distance penalty and sourc-
ing radius restrict this cumulative process spatially. Capacity limits and the kw_critical
threshold prevent unlimited hub growth. At the macro-level, these local rules generate a
trade network characterized by hub dominance, heavy-tailed weighted connectivity, and
bounded expansion of mean distance with connectivity.

Table 3 consolidates the empirical-versus-simulated checks that can be directly sup-
ported by the current implementation. The calibrated ABM reproduces the main structural
signatures of the empirical network: a heavy-tailed concentration regime, a saturation
mechanism anchored around kw_critical ~ 256, the emergence of dominant slaughterhouse
hubs, and a bounded degree—distance relationship. Relational memory is retained as a
behavioral mechanism, but outputs related to tie repetition and one-mode clustering are
treated as limitations rather than direct validation targets, because recurrent producer

activation is underrepresented in the baseline implementation.

Table 3. Empirical and simulated validation summary.

Indicator/Metric

Empirical Network

Calibrated ABM/Baseline
Result

Interpretation

Weighted-degree

Heavy-tailed regime with
exponent

Compatible heavy-tailed
behavior up to the regime

The model reproduces the
concentration regime

concentration approximately—1.22 controlled by kw_critical hub- dgfri?rf:tl::ldc:;ﬁz trade
. The threshold operates as a
256, used as an empirical saturation de}\jfice that
Critical threshold kw_critical ~ 256 structural anchor in the

model mechanism

prevents unlimited
cumulative advantage.

Mean distance vs.
connectivity

Logarithmic increase up to
the threshold, followed by
stabilization or irregularity

Qualitative trend

reproduced in the baseline
ABM

Spatial friction and sourcing
constraints limit the expansion
of highly connected
slaughterhouses.

Top-1 throughput share

High, hub-dominated
empirical pattern

Reduced scale:
9.36 & 1.22%; intermediate
scale: 3.07 £+ 0.22%

Directionally consistent with
hub concentration, but
absolute values are
scale-dependent.

Top-5 throughput share

High empirical
concentration

Reduced scale:
38.49 + 2.56%;
intermediate scale:
14.40 4 0.65%

A subset of slaughterhouses
accumulates disproportionate
flows in both simulated scales.

Weighted mean
distance

Degree-distance pattern
observed

Reduced scale:
11.94 £ 0.56; intermediate
scale: 9.07 £+ 0.39

Consistent with spatially
bounded attraction; values
depend on the synthetic
spatial environment.

Structural robustness

Hubs remain relevant
under the observed
concentration regime

Reproduced through
saturation, capacity, and
sourcing constraints

The mechanism preserves hub
dominance while preventing
unlimited expansion.

Simulated values are reported as mean =+ standard deviation across replicated runs

retained for structural comparison. The comparison is structural and mechanistic rather

than a claim of direct quantitative equivalence with the full empirical network.
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3.2. Spatially Conditioned Centralization

A key result concerns the relationship between slaughterhouse connectivity and
mean transaction distance. In the empirical network, more connected slaughterhouses
tend to attract animals from larger areas, but this spatial expansion does not continue
indefinitely. The same pattern is reproduced in the baseline ABM, as shown in Figure 2.
Mean distance increases at low and intermediate connectivity levels and then stabilizes or
becomes irregular at higher kw, indicating a transition from expansion to limitation.

61 m ABM baseline

N w H w
1 L 1 1
]
|

Mean distance (km-equivalent)

(-
1

0 50 100 150 200 250 300
Weighted degree (k,,)

Figure 2. Connectivity and mean transaction distance.

This result is theoretically important because it shows that dominant slaughterhouses
behave as regionally bounded hubs rather than unlimited attractors. Spatial friction,
sourcing radius, capacity saturation, and the truncation of attractiveness jointly regulate
expansion. Therefore, the relevant validation criterion is not equivalence in physical kilome-
ters, since the NetLogo environment uses synthetic spatial units and {3 is a dimensionless
distance-penalty parameter. Instead, the result shows that a generic distance penalty is suf-
ficient to constrain cumulative attraction and generate bounded spatial expansion. Future
versions should replace synthetic coordinates with georeferenced locations and calibrate 3
against observed kilometers, road-network distance, or logistics costs.

3.3. Sensitivity, Parameter Interactions, and Interpretability

The sensitivity analysis indicates that the three core parameters of the utility function
regulate distinct but partially overlapping dimensions of network formation. Attraction (o)
primarily affects concentration and hub dominance; distance penalty () primarily affects
spatial reach and mean trade distance; and relational memory (0) primarily affects repeated
interaction and tie persistence when recurrence is temporally feasible. These effects are
directionally stable and behaviorally interpretable across the explored parameter ranges
summarized in Table 2.

However, the parameters are not fully separable in their realized effects. Concentration
is mainly intensified by a higher «, but it can also be moderated by a stronger spatial
restriction, operational capacity, and the kw_critical saturation threshold. Mean trade
distance responds primarily to 3 and sourcing radius, but can also shift indirectly when
stronger cumulative attraction pulls flows toward dominant hubs. Tie persistence is mainly
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associated with 0, but its realized magnitude depends on the temporal design of the model
and on the opportunity for repeated interaction.

For this reason, the sensitivity analysis should not be interpreted as the identification of
a unique “true” parameter vector. Rather, it shows that the model occupies an interpretable
parameter space in which the main structural outputs vary in coherent directions. This
is important because different parameter combinations may generate similar macro-level
structures, a situation commonly described as equifinality. In the present model, similar
concentration patterns may emerge from different combinations of attractiveness, spatial
restriction, relational reinforcement, and operational limits.

Calibration should therefore be interpreted as the identification of plausible mechanism-
consistent regions of the parameter space, not as the exact recovery of a single hidden
behavioral process. In practical terms, «, 3, and 6 should not be interpreted as inde-
pendently identified causal effects. The contribution of the model is structural: it shows
that a small set of mechanisms can jointly generate the observed regime, while future
work should combine ablation experiments, formal sensitivity analysis, multi-objective
calibration, additional empirical covariates, and out-of-sample validation.

3.4. Scope of Validation

The validation strategy is pattern-oriented and mechanistic. The model is considered
informative because it reproduces several empirical regularities simultaneously: strong
asymmetry, endogenous hub formation, bounded growth, spatially mediated centralization,
and coherent responses to parameter changes. Validation does not require perfect bin-by-
bin coincidence or direct equivalence to the full empirical network, but it does require that
deviations be explainable by explicit assumptions of the simulation design.

The main deviations are related to scale and temporal simplification. First, concen-
tration indicators such as Top-1 and Top-5 throughput shares are sensitive to the number
of destination agents, the producer-to-slaughterhouse ratio, and the capacity distribu-
tion. Therefore, the lower concentration values at intermediate scale do not necessarily
indicate failure of the mechanism; they indicate that absolute concentration levels are scale-
dependent under the current parameterization. Second, outputs related to tie repetition
and one-mode clustering are limited by the baseline implementation, in which producer
supply is consumed after trade and repeated producer activation is underrepresented.

This validation strategy should not be confused with formal statistical goodness-of-fit
testing. The present article does not perform likelihood-based estimation, MLE fitting
of the weighted-degree distribution, or formal hypothesis testing comparing simulated
and empirical networks. Instead, the model is evaluated as a generative explanation: it is
informative if a small set of local mechanisms can reproduce multiple structural signatures
of the empirical cattle-trade network and if its limitations are transparent. Future work
should complement this approach with formal distributional fitting, out-of-sample tests,
and statistical comparison between empirical and simulated network metrics.

4. Discussion
4.1. Methodological Contribution

This study advances from empirical diagnosis to mechanistic explanation by showing
that a small set of local decision rules can generate the main structural signatures of the
cattle trade network in Mato Grosso do Sul. The contribution is not merely descriptive
similarity, but the identification of a plausible generative system in which cumulative at-
traction, spatial friction, relational memory, and operational constraints interact to produce
concentrated yet bounded market organization.
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A first implication concerns centralization. The observed network is strongly asym-
metric, but the ABM suggests that this asymmetry can emerge from decentralized producer
decisions rather than from centralized coordination. Producers tend to select attractive
destinations, and these destinations become more attractive as throughput accumulates.
This mechanism is consistent with preferential attachment and node-fitness arguments, but
in cattle trade it is regulated by spatial and industrial limits [25-27].

A second implication concerns territoriality. The results show that hierarchy and
regional boundedness are not contradictory. More central slaughterhouses attract animals
from larger areas, but only up to the limits imposed by distance, capacity, and saturation
of perceived attractiveness. Thus, the network is both hierarchical and spatially mediated.
This interpretation complements spatial analyses of livestock movements and commodity
mobility [15] and supports the use of ABM to explore zoning, logistics, and governance
scenarios in Livestock 4.0.

A third implication is relational. By modeling relational memory as a decaying but
reinforceable state variable, the ABM formalizes the idea that trade persistence may be
partly built through repeated interactions. This is relevant in agro-industrial systems where
trust, routine, and institutional continuity influence exchange [13,32,33]. In this sense,
stable trade structure cannot be explained only by geography or destination size; relational
persistence may also contribute to the observed organization.

Methodologically, the article positions ABM as a bridge between empirical network
analysis and prospective governance analytics. This is aligned with spatially explicit and
computationally integrated approaches to complex socio-ecological systems, as well as with
pattern-oriented modeling, in which multiple empirical regularities discipline mechanistic
explanation [21,31,34]. In the livestock domain, the article extends the mainly descriptive
tradition of trade-network studies by offering a generative framework that can be inspected
experimentally [13,14,23,24]. At the same time, ABM does not replace statistical network
approaches. ERGM and TERGM remain valuable complementary tools when the goal is to
infer tie formation and temporal network evolution directly from relational data [29,30].

The theoretical contribution is therefore to connect three mechanisms that are often
treated separately in livestock-trade studies: cumulative destination advantage, spatially
constrained exchange, and relational persistence. The model shows that hub dominance
can be interpreted not only as a descriptive property of the observed network, but also as
an emergent outcome of local decisions under spatial and operational constraints.

4.2. Prospective Policy Applications and Scenario Questions

The policy discussion should be read as a prospective application of the modeling
framework, not as evidence of policy impacts. The present article did not conduct a dedi-
cated policy-experiment batch, and the model does not explicitly include prices, subsidies,
transport costs, contracts, sanitary enforcement, or traceability compliance. Therefore,
«, 3, and 0 should not be interpreted as direct policy instruments. They are structural
parameters that help formulate future counterfactual scenarios once additional economic,
geographic, institutional, and traceability data are incorporated.

In this limited sense, the model is consistent with the use of behavioral agent-based
models for ex-ante policy assessment in agricultural systems [35]. Programs such as
PROAPE and Precoce MS illustrate institutional contexts in which future versions of the
model could test changes in destination advantage or certified-channel attractiveness.
Similarly, initiatives such as the Selo Verde platform and Para’s official individual bovine
traceability system (SRBIPA) illustrate possible contexts for future scenarios involving
traceability-based relational persistence. These examples are not treated here as validated
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policy effects; rather, they show how the model mechanisms could be connected to empiri-
cally parameterized policy experiments in future research.

The parameter « can be interpreted as destination advantage. A higher x may rep-
resent situations in which compliant, better remunerated, or institutionally preferred
slaughterhouses become more attractive to producers, whereas anti-concentration mea-
sures or throughput ceilings would operate in the opposite direction. The parameter 3
represents effective spatial friction, which may be affected by road conditions, transport
costs, inspection coverage, local slaughter capacity, or sanitary zoning. The parameter 6
represents persistence of repeated commercial ties, which may be strengthened by trace-
ability requirements, supplier-monitoring systems, contract enforcement, and continuity
rules for compliant supply chains.

These interpretations lead to three prospective scenario families: certified-channel
incentives, territorial integration or restriction, and traceable-chain continuity. As summa-
rized in Table 4, these scenarios can be linked to the model parameters «, (3, and 6, which
represent destination advantage, spatial friction, and relational persistence, respectively.
The present article does not claim to estimate these policy effects. Instead, it establishes a
mechanistic basis for formulating future policy experiments. The policy relevance claimed
here is therefore conceptual and prospective: the model indicates which types of sce-
narios could be tested, but it does not yet provide evidence about the effects of specific
policy interventions.

Table 4. Policy interpretation of model parameters and prospective what-if scenarios.

Policy Question

. Expected
Main Parameter Interpretation in the Example of Governance Qualitative Network
Model Lever Effect

How can compliant

Higher « for
compliant channels
tends to concentrate

Quality premiumes, fiscal
incentives, differentiated

slaughter channels Destination access for compliant .
o flows in selected
become more or less advantage channels, or .
. . . hubs; lower effective
dominant? anti-concentration .
o tends to diffuse
measures.
flows.
Logistics improvements, = Lower 3 expands
How can trade inspection coverage, spatial reach; higher
become more local or 8 Effective spatial transport-cost reduction, B localizes
more territorially friction local slaughter capacity, transactions and
integrated? or stricter sanitary increases territorial
zoning fragmentation.
T bilit .
raceabiity Higher 6 for
How can transparent requirements, . .
; ; . compliant links
and regularized . supplier-monitoring
; Persistence of R strengthens repeated
supply chains 0 : systems, continuity i
repeated ties . exchange; lower 0
become more rules for compliant .
. . increases partner
persistent? chains, and contract

turnover.
enforcement

The table should be read as a heuristic mapping between model mechanisms and
possible classes of future governance scenarios. It does not present policy recommendations,
estimated policy effects, or validated intervention outcomes.
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4.3. Limitations and Future Research

This study has several limitations. First, it is regionally anchored in Mato Grosso
do Sul and benchmarked against a single observation window, from January 2021 to
June 2022. Therefore, the model should not be interpreted as a direct representation of
the Brazilian cattle system as a whole or as immediately generalizable to other states or
countries. Differences in slaughter capacity, road infrastructure, sanitary regulation, market
concentration, herd composition, and territorial organization may alter the balance between
attraction, distance, and relational persistence. Out-of-sample validation against other
Brazilian states, later periods, or international datasets remains necessary.

Second, the model remains computationally and experimentally constrained. The
empirical benchmark contains 20,827 nodes, whereas the simulations were implemented
at reduced and intermediate scales for interpretability and tractability. Thus, the results
support structural and mechanistic correspondence rather than one-to-one quantitative
reconstruction. Several components also remain stylized: prices, transport costs, embargoes,
heterogeneous contracts, macroeconomic cycles, and explicit traceability compliance are
not included; producer activity is simplified through stylized allocation rounds; and zones
are assigned as abstract territorial categories.

Third, parameter uncertainty remains important. The explored ranges support coher-
ent directional interpretation, but they do not imply unique recovery of a true underlying
parameter vector. As in many agent-based models, equifinality is possible: different combi-
nations of attraction, distance, relational memory, and operational constraints may generate
similar macro-structural patterns. For this reason, «, {3, and 6 should be interpreted as
mechanism-oriented parameters, not as independently identified causal effects.

A central implementation limitation concerns repeated-trade dynamics. In the current
code structure, producer supply is initialized at setup and set to zero after a realized
transaction, while the baseline loop does not regenerate producer supply across rounds.
This design is transparent and useful for examining concentration and spatially bounded
allocation, but it underrepresents recurrent activation of the same producer over time.
Consequently, outputs related to tie repetition, relational memory, and one-mode projection
clustering should be interpreted with caution. Future versions should introduce producer
reactivation, seasonal supply regeneration, or multiple trading opportunities per producer.

Finally, the validation strategy remains pattern-oriented rather than definitive. The
model was compared against multiple empirical regularities, including concentration,
bounded degree-distance expansion, saturation, and spatially mediated centralization,
but this does not eliminate uncertainty about alternative mechanisms that might generate
comparable outcomes. The contribution of the model is therefore best understood as a
transparent and testable generative explanation, not as a final predictive replica of the
cattle market.

Future work should proceed in five directions: scaling simulations closer to the
empirical network; introducing richer temporal activation and repeated-trade dynamics;
incorporating prices, logistics, contracts, and traceability compliance; testing the model on
additional Brazilian states and multi-year panels; and performing out-of-sample validation
against unseen regional or temporal datasets. Future developments may also integrate
ABM with machine-learning-assisted calibration, surrogate modeling, or scenario discovery,
following recent advances in multidisciplinary computational modeling [36].

5. Conclusions

This article examined whether a parsimonious agent-based model, grounded in em-
pirical GTA-based network evidence, could generate the main structural signatures of
the cattle-trade network in Mato Grosso do Sul, Brazil. The results provide a cautiously
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affirmative answer within the limits of structural and mechanistic validation. The model
shows that cumulative destination attractiveness, spatial friction, relational memory, ca-
pacity constraints, and attractiveness saturation can jointly generate hub dominance, flow
concentration, and bounded spatial expansion.

The main contribution is therefore generative rather than predictive. The model does
not reconstruct individual transactions, estimate direct policy impacts, or prove that the
calibrated parameters are uniquely identified. Instead, it shows how a transparent and
reproducible ABM can connect micro-level trade decisions to macro-level network patterns
consistent with the observed cattle-trade regime. In this sense, the study contributes by
translating empirical network regularities into an explicit mechanism that can be inspected,
tested, and extended.

The results also define the current scope of inference. Reduced and intermediate
simulation scales, abstract spatial units, stylized zones, absence of explicit prices, revenues,
contracts, and transport costs, simplified temporal activation, and limited repeated-trade
dynamics restrict external validity and prevent direct generalization to other regions
or periods. These limitations indicate that the present model should be interpreted as
a generative explanatory framework, not as a final predictive replica of the Brazilian
cattle market. In particular, the current version does not identify the economic causes of
concentration and does not estimate the effect of specific policy instruments.

Future research should extend the model toward larger empirical scales, real ad-
ministrative or sanitary zoning, explicit price and logistics components, richer producer
reactivation rules, formal statistical validation, and out-of-sample testing using additional
states and multi-year datasets. These developments would allow the framework to move
from structural explanation toward more robust prospective policy experimentation in
cattle governance, traceability, and sustainability.
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