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Abstract: This paper presents a DEM-coupled multi-agent prototype that explores beaver-inspired trail
formation and canalization as a process-first landscape design method. In NetLogo, the DEM provides
slope/aspect fields, and water-tracer particles provide wetness cues during periodic reflooding. Agents
generate trails as an intensity field via repeated movement, then excavate on wet cells, accumulating an
excavation field that can deepen reinforced corridors into canals. The tool supports scenario comparison
rather than prediction: users vary exploration bias, reinforcement/decay, excavation thresholds, slope
limits, and reflooding timing, then assess corridor patterns in maps. In a representative case study, sim-
ulated trail-and-canal concentrations align with patterns in time-stamped imagery. Limitations include
proxy hydrology and no terrain or hydraulic updating; future work couples excavation to flow and
morphodynamics.
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1 Introduction

Designing for adaptive landscapes requires methods that foreground processes and feedback
rather than static forms. The logic of emergence, in which large-scale patterns arise from
simple local interactions (STILLMAN et al. 2015). Beavers (Casfor canadensis) are exemplary
ecosystem engineers whose distributed architectures, hydrology, and habitats span water
catchments across diverse ecosystems, exemplifying this process-driven approach (NAIMAN
et al. 1988, POLLOCK et al. 2014, DOBLER et al. 2025). This engineering feat fundamentally
transforms the region’s hydrology, vegetation, and biodiversity (BRAZIER et al. 2021). Col-
lectively, beavers engineer a living, adaptive infrastructure that emerges from iteration, feed-
back, and persistence.

We conceptualize beaver landscape engineering as a process-based system where resilience
emerges not from static forms but from dynamic, iterative interactions between behavior and
environment. Resilient design arises from its ability to adapt to variations, absorb disturb-
ances, and still remain functional (WALKER et al. 2004). This logic is translated into a digital
workbench that enables designers to probe how simple agent rules, acting on real terrain,
produce trails, canals, and ponds that can be compared across sites and seasons. By testing
designs against landscape constraints, the designer can direct emergent pathways (for water
flow and animal migration) that align with ecological goals, driving the co-evolution of hu-
man intention and landscape dynamics (TIESKENS et al. 2017).
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While beaver reintroduction efforts yield promising results for riparian restoration (POLLOCK
et al. 2014), this approach is often infeasible in urbanized, polluted, or severely degraded
contexts (JORDAN & FAIRFAX 2022), necessitating landscape preparation for beavers.

2  Motivation

This tool can support beaver reintroduction by identifying how to prepare landscapes to at-
tract introduced beavers. More broadly, beaver systems model a design logic of distributed,
adaptive infrastructure emerging from simple rules, enabling process-first landscape design
aligned with ecological goals and dynamics. This contrasts with imposing form without ac-
counting for environmental processes; instead, it supports landscape health by allowing ben-
eficial processes to unfold rather than interrupting them and triggering ecological cascades.
With appropriate environmental parameters (e. g., slope, wind exposure, solar orientation),
these principles can inform adaptive strategies beyond riparian zones, including deserts, ur-
ban environments, and other terrestrial settings.

2.1 Contribution and Scope

The paper asks how beaver-like emergent processes can be simulated to support adaptive,
resilient landscape design. We present a beaver-inspired multi-agent, agent-based modeling
framework in which simple behaviors interact with an ecologically active environment to
generate trail and canal networks (LIU et al. 2021, MATTHEWS et al. 2007, MILLINGTON et al.
2016, STILLMAN et al. 2015, KENNEDY et al. 2024, MURPHY 2025). The tool is exploratory
and design-oriented, not predictive, and is intended to test scenarios rather than forecast exact
outcomes. It offers an empirically anchored workflow that ingests site data, simulates cana-
lization and connectivity, and evaluates resulting landscape change in terms of hydrologic
performance and water retention. Although beavers are known for dams, we focus on re-
source-driven trail clearing and canal excavation because these processes directly restructure
vegetation patterns and redirect flow, informing placement of trails, planting, and infrastruc-
ture in ways that reduce disruption to ecological cascades

3  Methods

In this section, we introduce the methodological foundations of our analysis and define the
framework. The proposed approach integrates high-resolution topographic data with ABM
to simulate the spatial logic of beaver-engineered landscapes. The workflow transitions from
data acquisition to an initial behavioral testing phase in NETLOGO.

3.1 Data Preparation and Hydrologic Layers

The simulation environment is built upon high-resolution geographic data to provide an eco-
logically realistic spatial context for behavioral analysis. Digital elevation models (DEMs)
were acquired from the USGS National Map and NOAA Digital Coast repositories, estab-
lishing a simulation environment with a spatial resolution of <1 m. To ensure site authentic-
ity, beaver presence was verified through expert visual confirmation of dams and lodges us-
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ing time-stamped satellite imagery, which served as a cross-check for the hydrologic features
derived from the topographic data. The data processing workflow transforms these raw sur-
faces into a structured analysis stack through the following steps:

3.2 Agent-based Framework: Behavioral Prototypes

Beavers are modeled as autonomous agents that switch among discrete modes (explore, for-
age, return) under a simple energy budget anchored to a home lodge. Each tick follows the
same loop: agents select a movement direction from local cues (e. g., wetness/slope), current
mode, and optional short-term memory; they move one cell; and the occupied cell updates
persistent “design-trace” fields. Patches store (i) trail intensity (cumulative visitation), (ii)
canal depth (excavation that increases in water), and (iii) simple infrastructure flags (e. g., is-
trail?, is-canal?). When traces exceed thresholds, patches are classified as trails or canals,
making emergent infrastructure explicit. Over time, repeated movement and excavation con-
vert individual decisions into landscape-embedded traces that can bias subsequent move-
ment.

We implemented three behavioral archetypes in NETLOGO to isolate distinct infrastructure
logics before terrain coupling (see Figure 1). In real systems, hybrid and transitional trails
are expected (e. g., exploratory segments that become harvesting corridors, or connector cor-
ridors that originate as foraging returns). The taxonomy is to discuss trail morphology.

1. Type-1 (Exploratory trails): Agents perform correlated random walks in homogeneous
vegetation, shaped by two biases: (i) distance-decay trail following (agents probabilisti-
cally follow existing trails, with reinforcement decreasing with distance from the lodge
via a tunable exponent) and (ii) outward exploration (turns biased away from home while
exploring). A bounded memory discourages tight loops. Trails emerge when cumulative
visitation intensity exceeds a threshold, with optional fading to remove underused paths.
Movement on trails is faster and less costly (scaled by a trail-energy multiplier). The
result is a dendritic network: dense near the lodge, with branching increasing outward.

2. Type-2 (Directed foraging and canalization): Vegetation heterogeneity is modeled as
resource gradients formed by quality peaks with Gaussian decay. Agents detect high-
quality patches within a base range; when quality exceeds a pursuit threshold, they switch
to directed foraging and climb the gradient using forward-cone sampling with capped
turns. After harvest, the patch is depleted (and then regrows after a set interval), and the
agent returns to the lodge, incrementing a harvest-success counter along the way. Return-
path patches convert to canals when success exceeds a threshold, the patch is not already
canalized, and it is connected to water or an existing canal via neighbor adjacency. Canal
patches deepen at a fixed excavation rate, persist as infrastructure, and reduce transport
costs under load more than trails (canal-energy-multiplier < trail-energy-multiplier).

3. Type-3 (Connector trails): Water sources are placed interactively by mouse click. Agents
detect sources within a fixed radius and, upon detecting an additional source, enter a
transit state and move toward the goal. Route choice prefers established paths (high traffic
or existing canals) within a vision radius; otherwise, agents move directly. Transit in-
creases patch traffic and incision depth. Patches exceeding a connector threshold canalize
when occupied by a transiting agent or reinforced by multiple high-traffic neighbors.
Trails decay over time, while canals persist with slow infill unless maintained, producing
straight, durable corridors between aquatic nodes.



696 Journal of Digital Landscape Architecture - 11-2026

3.3 NETLOGO Terrain-coupled Prototype (Water-Following Excavation)

This section outlines an initial behavioral testing phase using a NetLogo prototype to stress-
test and refine the rule set describing how beaver-like agents interact with a terrain-coupled
wetness cue. Evaluation is generative and morphological to assess whether the rules can plau-
sibly reproduce families of trail-and-canal patterns observed in beaver-modified landscapes,
rather than predicting the exact location, timing, or magnitude of canal excavation. The sim-
ulation serves as a “behavior-plus-accumulation scaffold” that maps movement and persis-
tent traces before introducing physical terrain/aquatic modifications.

Trail type 1 Trail type 2 Trail type 3

UAV/Drone imagery

NetLogo Simulation

Fig. 1: Trail type morphologies. (Top row) UAV imagery of beaver trail systems (KENNE-
DY 2023); (Bottom row) NETLOGO simulations’ outputs of trail types. Trail type 1
emerges in a homogenous vegetation structure, Trail type 2 emerges with a hetero-
geneous vegetation structure, and Trail type 3 occurs when connecting water bodies.

Environment and Calculation. The model is initialized by loading a DEM via the NETLOGO
GIS extension. Local terrain characteristics, i. e., slope and aspect (direction), are calculated
using 3x3 convolution kernels, allowing agents to know the gradient.

Agent Breeds and Logic. The simulation defines two distinct types of entities:

e Water-drops.: These are numerous particles that spawn across the map and move accord-
ing to the local aspect to simulate drainage. Water-drops are passive entities that model
site drainage, representing the backend that allows the evolution of the DEM.

o FErosion agents (Excavators): These are the active agents that interact with the environ-
ment. Excavators are mobile agents (beavers) that follow the water particles and act on
the environment according to a set of user-defined behavioral rules.
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The “Chase Water, Dig on Water” Rule. Such a set of behavioral rules consists of a move-
ment logic (Finite State Machine — FSM) governed by a simple decision rule: excavators
must remain in contact with water-drops. From this, a set of actions follows:

e FExcavation: When an agent occupies a “watery” patch, it increments an “erosion-count”
for that cell, simulating riparian erosion.

o Pathfinding: If an agent becomes “dry,” it may “jump” to the nearest water source to
continue its task. This rule models beavers’ preference for staying in water environments.
The system evolves in time by iterating this FSM for a predefined number of steps. Lastly,
the simulator respawns water every 730 ticks to mimic seasonal flooding, where every 2
ticks represent a single day. The first iteration of this tool is limited to northern inland
regions with high snowpack. After 730 ticks, beaver-agents respawn from locations on
the established heatmap, aligning with the springtime beaver migrations.

Parameter selection is treated as part of the design workflow. Most parameters are expressed
in patch units and interpreted as transparent design levers (e. g., exploration bias, trail rein-
forcement/decay, excavation thresholds, reflooding cadence). These levers are tied to site
attributes: DEM resolution sets the spatial grain; slope and aspect derived from the DEM
define the drainage cue that water-drops follow; and the reflooding represents an annual hy-
droperiod (e. g., spring snowmelt) appropriate to the study region. We recommend reporting
the default parameter set alongside a small one-at-a-time sensitivity screen that identifies
which corridors and canalization hotspots persist across parameter ranges.

Google Earth Imagery

Non-dimensional Depth

NetLogo Simulation

on DEM

Fig. 2: Canal evolution. Top (Google Earth satellite imagery: 44.365891°, -68.273084°)
shows evolution of a beaver canal network. Bottom (NETLOGO output of DEM from
2010 showing heatmap evolution of agents “chasing” water. Blue is water.
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3.4 Outputs and Metrics

Each run produces cartographic outputs (trail intensity, canal depth, connector corridors, de-
pleted/regrown vegetation). It also outputs scalar reporters for scenario comparison: counts
of trail/canal patches, woody/edible/depleted vegetation, behavioral state distributions, aver-
age carrying load (Type-2), and canal formation (Type-3). Because the prototypes represent
trails/canals as stateful fields rather than explicitly updating terrain and hydraulics, we frame
the method as a workbench for identifying corridors and intervention windows (patterns that
persist across parameter values), rather than a predictive geomorphic forecast. We derive two
minimal morphological descriptors from thresholded trail/canal fields: (i) path density (the
fraction of patches classified as trail or canal) and (ii) branching index (mean node degree
after skeletonizing the binary network, with nodes defined at junctions and endpoints). These
are descriptive rather than predictive, providing compact summaries for comparing scenarios
and checking whether simulated networks fall within a comparable range of density and con-
nectivity to observed beaver landscapes.

4  Results (Representative Site)

4.1 Local Trail Building and Reinforcement: Beavers Harvest Vegetation

1. Type-1 (Exploratory trails in homogeneous fields): Exploration-driven trails structurally
matched the patterns observed in beaver habitats characterized by homogeneous vegeta-
tion gradients. The correlated random walk algorithm with distance-decay preferences
and outward biasing produced radial trail networks emanating from a central lodge.

2. Type-2 (Directed foraging with resource gradients): In heterogeneous vegetation land-
scapes with multiple quality peaks, agents demonstrated gradient-following behavior.
Woody patches were targeted, harvested, and allowed to regenerate. Outbound foraging
paths accumulated trail-intensity markers; successful harvests added harvest counters
along each path segment. When cumulative harvest exceeded threshold values and paths
connected to water/canal frontiers, eligible trail cells converted to canals.

3. Type-3 (Connector trails between water bodies): When multiple water sources were
placed interactively in the simulation domain, agents detected water sources within a
specified radius and switched from local foraging to direct transit between nodes. Transit
routes preferentially select high-traffic cells or direct paths. Cumulative traffic along these
routes incremented patch-level traffic and incision depth counters. When traffic exceeded
connector thresholds and local cell alignment indicated sustained directional movement,
trails canalized into semi-permanent links with lower decay rates.

4.2 Global Damming Complex Networks: Beavers Chase Water

To assess morphological plausibility against real-world beaver infrastructure, we integrated
NOAA DEM imagery from Acadia National Park (2010) with historic Google Earth imagery
spanning 2011-2023. We compare simulated canal-depth fields to the observed stream and
canal signatures via visual overlays (Figure 2) and simple descriptors (path density and
branching), emphasizing pattern correspondence rather than prediction. The purpose is to
demonstrate how a DEM-coupled ABM can operate as a design aid for exploring where can-
alization tends to concentrate under terrain constraints.
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Outputs and Limitations: This system, at present, only works well on well-defined drainage
networks with single local minima. Multiple local minima often lead digital agents to build
canal systems in areas where water does not exist in the real world. To make this system
more robust, further implementation of this tool will require correctly classifying streams
from land, a task that requires human-annotated topographic maps. Furthermore, erosion
rates in natural systems are tied to the material properties of soil, vegetation structure, and
moisture content, creating heterogeneous erosion rates. This tool is only capable of a first
order approximation of erosion rates due to agent behaviors.

5 Discussion

5.1 Design Insights

This workbench is useful as a process-tuning tool rather than a form generator. Instead of
drafting canal geometries a priori, designers set boundary conditions and adjust a small set
of interpretable levers (exploration bias, reinforcement/decay, excavation thresholds, re-
flooding cadence). The model returns trail-intensity and excavation fields that act as design
traces, ultimately showing where corridors repeatedly concentrate and where canalization
tendencies persist across runs. Terms like “evaluation” and “validation” refer to these pattern-
based plausibility checks and comparative summaries, not to empirical calibration for eco-
logical prediction.

5.2 Limitations and Next Steps

Hydrology is a proxy: tracer-based wetness cues do not resolve depth or velocity. Trails/ca-
nals are represented as stateful fields without terrain or hydraulic updating. Vegetation dy-
namics are simplified and do not encode functional groups or harvesting/regrowth. Spatial
outcomes are bounded by DEM cell size and vertical accuracy; shallow canalization may fall
below the detection threshold at coarse resolutions. Next steps include to couple excavations
to hydraulics, introducing seasonal hydroperiods and material economies, and extending
dams. This work will be moved to a more robust modeling platform, Python’s Mesa, to
integrate the multiple layers of ecological, hydrodynamic, and behavioral patterns, to study
more complex systems.

6 Conclusion and Outlook

The paper demonstrates a reproducible digital method that operationalizes computation in
service of ecological resilience. By embedding feedback as design material, the approach
links behavior, terrain constraints, and canal/trail networks on real landscapes. Exploratory
rather than predictive, the method generates hypotheses about where animal-like excavation
can most improve water storage, refugia, and connectivity, enabling a process for human—
nonhuman co-design in digital landscape architecture.



700 Journal of Digital Landscape Architecture - 11-2026

Acknowledgements

This work is supported by the Harvard Center for Green Buildings and Cities (CGBC), the
Harvard University Graduate School of Design’s Dean’s Jr. Faculty Research Grant Program,
the Buncher Foundation, and the Technion Autonomous Systems Program.

References

BRAZIER, R. E., PUTTOCK, A., GRAHAM, H. A., AUSTER, R. E., DAVIES, K. H & BROWN, C.
M. L. (2921), Beaver: Nature's ecosystem engineers. Wiley Interdisciplinary Reviews:
Water, 8 (1), e1494.

DOBLER, A. H., TILLE, M. & GEIST, J. (2025), Beaver slides provide reproduction habitat for
the endangered thick-shelled river mussel (Unio crassus) in modified streams, Knowledge
& Management of Aquatic Ecosystems.

HAASE, D. & SCHWARZ, N. (2009), Simulation models on human-nature interactions in urban
landscapes: a review including spatial economics, system dynamics, cellular automata
and agent-based approaches. Living reviews in landscape research, 3 (2), 1-45.

JORDAN, C. E. & FAIRFAX, E. (2022), Beaver: The North American freshwater climate action
plan. Wiley Interdisciplinary Reviews, Water, 9 (4), €1592.

KAZzIL, J. MASAD, D. & CROOKS, A. (2020), Utilizing Python for Agent-Based Modeling: The
Mesa Framework, Proceedings of the 13th International Conference on Social, Cultural,
and Behavioral Modeling. In: Thomson, R., Dancy, C. & Pyke, A. (Eds.), Lecture Notes
in Computer Science 12268, 308-317. doi:10.1007/978-3-030-61255-9 30.

KENNEDY, J. (2023), Building in flow (Doctoral dissertation, Harvard University).

KENNEDY, J., MCCREERY, H., JONES, A., SPOTTED HORSE, D., CHEN, C., FAIRFAX, E. &
WERFEL, J. (2024), Environmental cues influence timing and location of construction ac-
tivity in a beaver damming complex, bioRxiv. doi:10.1101/2024.10.21.619304.

Liu, J., ZHANG, M. & NIKITA, N. (2021), Agent-based design research to explore the effec-
tiveness of bottom-up organizational design in shaping sustainable vernacular landscapes:
A case in Hailar, China. Landscape and Urban Planning, 205. doi:10.1016/j.landur-
bplan.2020.103961.

MATTHEWS, R. B., GILBERT, N. G.,ROACH, A., POLHILL, J. G. & GOTTS, N. M. (2007), Agent-
based land-use models: A review of applications. Landscape Ecology, 22, 1447-1459.
doi:10.1007/s10980-007-9135-1.

MILLINGTON, J. D. A. & WAINWRIGHT, J. (2016), Comparative Approaches for Innovation
in Agent-Based Modelling of Landscape Change. Land, 5 (2), 13.
doi:10.3390/1and5020013.

MURPHY, K. J. (2025), Agent-based models in applied ecology: Designing data-informed
simulations for wildlife conservation and management, Ecosphere, 16 (9).
doi:10.1002/ecs2.70342.

NAIMAN, R. J., JOHNSTON, C. A. & KELLEY, J. C. (1988), Alteration of North American
streams by beaver. BioScience, 38 (11), 753-762. doi:10.2307/1310784.

NETLOGO, W. U. (1999), NetLogo. Center for Connected Learning and Computer-Based
Modeling, Northwestern University, Evanston, IL. http://ccl.northwestern.edu/netlogo/.



J. R. M. Kennedy et al.: Designing like Beavers 701

POLLOCK, M. M., BEECHIE, T. J., WHEATON, J. M., JORDAN, C. E., BOUWES, N., WEBER, N.
& VOLK, C. (2014), Using beaver dams to restore incised stream ecosystems. BioScience
64 (4), 279-290.

QGIS, QGIS ASSOCIATION (current), QGIS Geographic Information System. https://qgis.org.

STILLMAN, R. A., RAILSBACK, S., GISKE, J. & BERGER, U. (2015), Making Predictions in a
Changing World: The Benefits of Individual-Based Ecology. BioScience, 65 (2), 140-
150. doi:10.1093/biosci/biul92.

TIESKENS, K. F., SHAW, B. J., HAER, T., SCHULP, C. J. E. & VERBURG, P. H. (2017), Cultural
landscapes of the future: Using agent-based modeling to discuss and develop the use and
management of the cultural landscape of South West Devon. Landscape Ecology, 32,
2113-2132. doi:10.1007/s10980-017-0502-2.

WALKER, B., HOLLING, C. S., CARPENTER, S. R. & KINZIG, A. (2003), Resilience, Adaptabil-
ity and Transformability in Social-Ecological Systems. Ecology and Society, 9 (2).
doi:10.5751/ES-00650-090205.



