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Fig. 1. Woodstock framework simulates tree decomposition by modeling anisotropic moisture transport, fungal decay, and volumetric strand-based wood
mechanics. The result is a coherent end-to-end breakdown - from drying- and decay-driven weakening to hollowing, cubical fragmentation, and debris

accumulation.

Fungal wood decay is a complex biophysical phenomenon that involves the
degradation of a variety of structural wood components, ranging from lignin
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and carbohydrates to defensive chemical agents. All these substrates serve as
varying resources with different material properties that determine the rate
of fungal propagation and the structural integrity and color of decaying wood.
We propose a novel approach to simulate the dynamic interactions between
the biological and mechanical components of wood decay, including fungal
colonization, chemical defense, and moisture-driven fracture. We propose a
novel volumetric representation of trees that includes grain-aligned mesh
generation, internal moisture dynamics, and tissue-specific health states.
Furthermore, we model the anisotropic diffusion, consumption, and resulting
material failure caused by white and brown rot fungi. This allows simulating
and rendering 3D volumetric decaying trees that realistically capture key
aspects of the process, such as the progression of cuboid fracture patterns, the
hollowing of trunks, and the effects of environmental moisture on structural
stability.

CCS Concepts: - Computing methodologies — Mesh geometry models.
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1 Introduction

Trees are complex living organisms, and their shape and color are
influenced by external factors, among which fungi play an impor-
tant yet often neglected role. Fungal decay is a ubiquitous natural
process that significantly affects the wood of trees in forest ecosys-
tems and in man-made structures. Specifically, the decomposition
of wood is responsible for the annual release of gigatons of carbon
and the creation of essential habitats for biodiversity [Boddy et al.
2008]. Wood decay is the progressive, often invisible degradation of
lignified tissues that involves not only the consumption of structural
components such as lignin and carbohydrates but also the dynamic
interplay among moisture, chemical defenses, and fungal mycelium.
These biological events lead to tree failure, property damage, and
significant changes in forest stand dynamics. However, the mecha-
nisms underlying the transition from a microscopic fungal infection
to catastrophic structural collapse are complex and not fully under-
stood. Therefore, to advance our understanding of the dynamics and
progression of wood decay, we argue that it is critical to carefully
simulate the feedback loops of fungal growth, material anisotropy,
and the degradation of different tissue types. By creating realistic
3D simulations, it is possible not only to enable safety assessments
but also to create applications for safety assessments and complex
CG effects for movies or games.

A number of approaches have recently addressed the genera-
tion of more realistic models of trees and the related physical pro-
cesses between vegetation and the environment. These methods
range from developmental algorithms for detailed branching struc-
tures [Palubicki et al. 2009; Runions et al. 2007] and environmental
adaptation [Makowski et al. 2019] to the response of vegetation
to wind [Habel et al. 2009; Pirk et al. 2014], and fracture [Li et al.
2025]. However, coupling intricate internal grain structures [Lars-
son et al. 2022] with complex reaction-diffusion systems, while also
simulating the anisotropic shrinkage and fracture of wood, remains
a challenging objective. To the best of our knowledge, no method
has simulated the various types of distinct rot patterns — such as
the cuboid cracking of brown rot or the fibrous stringiness of white
rot — that are controlled by the breakdown of chemical components
within the wood volume.

We propose a unified multi-scale representation for simulating
3D fungal decay. We generate 3D models of decaying wood based
on a strand-based representation — each piece of wood is defined as
a collection of strands and rod elements. Based on this representa-
tion, we can efficiently model the internal degradation of complex
wooden structures. To simulate biological decomposition and me-
chanical failure, we develop a novel mathematical model for the
propagation of fungi and moisture throughout the wooden tissue.

Our approach realistically captures decay patterns in different
tissue contexts, ranging from the localized hollowing of heartwood
to the surface degradation of sapwood. By including representations
of tissue health (lignin and carbohydrates), our method captures
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plausible dynamics of structural loss and its behavior under exter-
nal forces. Furthermore, we include comparisons with real-world
decay observations that demonstrate that the emergent phenomena
expressed with our simulations, such as immune-induced barrier
effects, correspond to those observed in nature.

Fig. 1 shows a rendering of a complex decaying tree trunk created
with our framework. The simulation parameters have been set to
define an active brown-rot infection that consumes the carbohydrate
components of the wood distributed throughout the scene.

In summary, the contributions of our paper are: (1) a novel cou-
pled reaction-diffusion model that accounts for the distinct con-
sumption patterns of white and brown rot fungi; (2) a moisture
dynamics framework describing the impact of anisotropic shrink-
age and chemical defense mechanisms on material integrity; (3) a
method for coupling a mechanical model of wood with the fungal
disease model to account for realistic wood decay.

2 Related Work

Tree Form: Understanding the shape and form of plants has been
addressed by many computer graphics works as well as in develop-
mental biology [Palubicki et al. 2019]. The procedural description
of tree form initially relied on formalisms such as L-systems, which
can capture a wide range of botanical structures [Prusinkiewicz et al.
1993; Prusinkiewicz and Lindenmayer 1990]. However, manually
deriving the generative rules for specific species remains a complex
task. Consequently, recent approaches have sought to infer these
rules automatically using machine learning techniques [Guo et al.
2020; Lee et al. 2024], or to reconstruct plant geometry directly from
scanned data [Cieslak et al. 2024; Kaluzny et al. 2024; Liu et al. 2021;
Livny et al. 2011; Zhou et al. 2023]. To enhance biological realism,
many methods leverage heuristic algorithms that simulate the com-
petition for light and space, leading to the emergence of complex
natural patterns [Patubicki et al. 2022; Palubicki et al. 2009; Pirk et al.
2012a; Runions et al. 2005]. These principles have been successfully
extended to climbing plants [Benes and Millan 2002; Hadrich et al.
2017; Wong and Chen 2015] and inverse modeling frameworks that
fit parameters to real-world observations [Niese et al. 2022; Stava
et al. 2014]. Procedural models are often parameterized to allow for
artistic control [Lintermann and Deussen 1996; Longay et al. 2012],
while sketch-based interfaces have been combined with develop-
mental algorithms to guide high-level structure while delegating
details to the procedural system [Anastacio et al. 2006; Benes et al.
2009; Chen et al. 2008; Neubert et al. 2007; Okabe et al. 2007; Tan
et al. 2008; Wither et al. 2009].

Tree Dynamics: Beyond static morphology, tree dynamics address
the interaction of vegetation with varying environmental conditions.
Some methods model responses to biomechanical stress [Hadrich
et al. 2020; Maggioli et al. 2023; Wang et al. 2017; Zhao and Barbi¢
2013], wind forces [Habel et al. 2009; Pirk et al. 2014, 2012b; Quigley
et al. 2018; Shao et al. 2021], and the coordinated function of shoots
and roots [Li et al. 2023]. These approaches typically couple a wind-
field representation with a physical response model to deform the
tree geometry. More recently, the destructive interaction of wood
with fire and combustion has also been explored [Kokosza et al. 2024;
Pirk et al. 2017]. However, the internal wood structure has primarily
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Fig. 2. (a) The input to our method is a skeletal graph G from which we construct a strand-based volumetric representation SG and the rod-element graph
REG that defines the shared data structure for the wood, the mechanical, and the fungal model. (b) The mechanical model evolves rod states (p, q) with
XPBD constraints on strand chains and REG connections, parameterized by rest offsets Ap, rod rest lengths -, moisture-dependent strain limits L(M), and
an edge-wise integrity factor I;;. (c) The wood model advances moisture M and host health state (C, H¢, H), with health-dependent moisture diffusivity
Dt (x, t). (d) The fungi model updates white- and brown-rot activities (R.y, Rp), whose growth is moisture-gated via a,,,; (M) and coupled to host condition.
Arrows denote the principal couplings: moisture drives shrinkage and failure thresholds in mechanics; host state modulates moisture transport and mechanical

integrity, and fungal activity both alters and is regulated by the wood state.

been studied from the perspective of surface appearance [Buchanan
1998; Larsson et al. 2022; Yang et al. 2019] or growth rings [Kratt
et al. 2015; Larsson et al. 2025]. Successive instances of decaying
trees have been used to enhance virtual ecosystems in [Peytavie
et al. 2024]. Several recent works addressed the appearance of the
internal wood structure [Larsson et al. 2024, 2022]. Our work builds
upon strand-based representations [Hédrich et al. 2020; Holton 1994;
Kleiberg et al. 2001; Li et al. 2025] and extends them with a physical
framework for simulating structural tree degradation.

Rod Physics: We rely on rod physics to simulate the mechanical
behavior of strands. Numerical methods for tree dynamics gen-
erally fall into two categories: volumetric discretization, which
employs techniques like the finite element method on tetrahedral
meshes [Kratt et al. 2015; Wang et al. 2013; Zhao and Barbi¢ 2013],
and centerline extraction, which models branches as connected
curves. Our approach belongs to the latter. We utilize Cosserat rods,
which model each branch as a one-dimensional continuum with em-
bedded directors, enabling accurate simulation of bending, twisting,
and stretching. Introduced in the context of graphics by Pai [2002],
the Cosserat model has been widely adopted for slender structures
such as fibers [Spillmann and Teschner 2007], nets [Spillmann and
Teschner 2008], and hair [Bertails et al. 2006; Michels et al. 2017,
2015]. Kugelstadt and Schomer [2016] integrated this concept into
the Position-Based Dynamics (PBD) framework, a formulation that
has proven highly effective for simulating complex tree dynamics
in recent years [Maggioli et al. 2023; Pirk et al. 2017; Shao et al.
2021]. Recently, Hsu et al. [2025] proposed a stable formulation for
Cosserat rods, further advancing the robust simulation of slender
structures and complementing the growing use of rod-based models
in graphics.

Fungal Modeling and Simulation: Fungal modeling remains an
under-explored area in computer graphics. Early work in this do-
main focused on the visual weathering of wood surfaces [Chen et al.
2005] or the propagation of lichen on stone substrates [Desbenoit
et al. 2004], primarily for rendering purposes rather than structural

simulation. In the biological sciences, the topology of mycelial net-
works has been modeled as a resource optimization process [Fricker
et al. 2017], yet these methods do not account for the volumetric
degradation of the host substrate. The mechanical consequences
of decay are well-documented in arboriculture, where distinct rot
types, such as the fibrous degradation of white rot versus the cubical
fracture of brown rot, drastically alter the material properties of the
wood [Schwarze et al. 2000]. Our work bridges these domains by
coupling the biological propagation of fungi with the mechanical
response of the strand-based wood volume.

3  Overview

Our main goal is to develop a novel volumetric framework to simu-
late fungal propagation through the wood and its changes. We build
on the strand-based fracture framework of Li et al. [2025], which
focuses on mechanically driven failure, and extend it to a coupled
biophysical-mechanical model of wood decay. The system is orga-
nized into four coupled components (Fig. 2): (a) a strand-based wood
representation built from a skeletal graph, (b) a mechanical model
based on Cosserat rod physics and their volumetric couplings, (c) a
wood-state model that advances moisture and host condition, and (d)
a fungi model that advances white- and brown-rot activities under
moisture- and host-limited growth.

The input is a skeletal graph G describing the tree topology, an-
notated with planar cross-section profiles at nodes. These profiles
define a packed strand group SG (Fig. 3a-b). We resample strands
into rod particles and rod segments and group consecutive parti-
cles with their connecting segment into rod elements (Fig. 3b). To
couple strands volumetrically, we build the rod element graph (REG)
by connecting nearby rod elements into segment pairs that repre-
sent volumetric connectivity (Fig. 3c). This REG is the shared data
structure for both mechanics and biophysics (Fig. 2a): it defines
the integration domain, neighborhood exchange, and the location
where the fungal-mechanical feedback occurs.
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The mechanical solver evolves rod-element states (p, q) under
XPBD constraints on strand chains and REG connections (Fig. 2b).
It is parameterized by per-edge rest offsets Ap, strand-wise rod rest
lengths I, moisture-dependent strain limits L(M), and an edge-
wise integrity factor I;; that controls whether REG connections are
enforced (Sec. 5-5.4). In our coupled setting, L(M) and I;; are not
constant: they are updated from the wood-state and decay fields,
enabling progressive weakening and fracture.

We store per-rod-element wood state variables on the same REG
discretization (Fig. 2c): moisture M and host condition (C, He, Hj),
i.e., chemical defenses C and health fractions for carbohydrates and
lignin. Moisture transport is advanced by diffusion with volumetric
source - sink terms (Eq. 15), and its effective diffusivity depends on
tissue condition (Eq. 20). Moisture then drives shrinkage and failure
thresholds in the mechanical model by updating rest quantities and
limits (Eqgs. 16 — 18), as summarized by the couplings in Fig. 2b—c.

White- and brown-rot activities (R, Rp) are advanced as reaction—
diffusion processes on rod elements (Egs. 8—9), with moisture con-
trolled growth rates a,,,;, (M) (Eq. 10) (Fig. 2d). Fungal activity con-
sumes host substrates via the health dynamics (Eqs. 12-13) and
induces defenses through Eq. 14. This closes the biophysical feed-
back loop in Fig. 2: fungal dynamics alter the wood state, the wood
state modulates transport and growth, and the resulting condition
fields update mechanical parameters (L(M), I;;) that govern fracture
and separation.

To support physically plausible post-failure behavior once REG
connections are disabled, we additionally simulate contact between
detached components using capsule-based repulsion (Eq. 4) and
particle-wise friction (Eq. 7) (Sec. 5.4). This enables broken pieces
to collide, separate, and settle into plausible debris configurations
in our results.

4 Biological Background

Decay is typically initiated by an infection event such as wind
damage, insect vectors, or root grafting. Once a fungus colonizes
the host, it releases enzymes that break down cell walls and cause
moisture levels to fluctuate, which - in turn - allows the mycelium
to penetrate deeper into the wood volume [Brischke and Alfredsen
2020; Goodell 2020]. This process, known as colonization, can cause
rapid degradation of structural integrity. The rot can then spread
from heartwood to sapwood, and spores can be carried by the air to
infect new wounds in other areas [North Carolina Forest Service
2005]. Another physical phenomenon that can contribute to the
spread of decay is moisture transport.

As the fungus metabolizes the wood, it extracts metabolic wa-
ter and transports moisture from the soil, creating conditions that
favor further growth even in dry environments [Forest Products
Laboratory 2021]. This can cause the decay to spread persistently
and unpredictably, making it difficult to detect. The rate of wood
decay also depends on the tree species, the environmental humidity,
and the type of fungus, such as white rot or brown rot. White rot
fungi tend to degrade both lignin and cellulose, resulting in a soft,
fibrous texture. The selective consumption of lignin allows the re-
maining cellulose fibers to separate, leaving the wood with a stringy,
bleached appearance. White rot may spread more thoroughly in
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Fig. 3. (a) We start from a skeletal graph G annotated with planar cross-
section profiles at nodes. (b) The profiles define a packed strand group SG,
discretized into rod segments and their centers (simulation primitives). (c)
We build the rod element graph (REG) by connecting nearby rod elements
into segment pairs that represent volumetric connectivity; disconnecting
these pairwise connections yields fractures and segment separations, which
we render as wood splinters in our framework.

hardwoods, eventually reducing the wood to a soft, spongy mass
that retains some tensile strength but loses compressive stability.
Brown rot fungi can be highly destructive to structural stability, char-
acterized by the rapid depolymerization of cellulose while leaving
the lignin matrix largely intact.

The removal of carbohydrates causes the wood to shrink signif-
icantly upon drying, creating a complex pattern of cubical cross-
checking cracks that can break with high brittleness and create
significant structural hazards. This results in the wood crumbling
into cubic chunks, a phenomenon often described as cubical rot,
as shown in Fig. 4. Wood defense mechanisms play a crucial role in
slowing these processes. Trees actively compartmentalize decay by
depositing antifungal compounds, such as tannins and phenols, to
wall off infected tissue. This creates a dynamic barrier where the
rate of fungal advance is opposed by the tree’s metabolic response.
Finally, moisture-induced failure typically occurs when the compro-
mised wood dries out. As the internal moisture content drops below
the fiber saturation point, the anisotropic shrinkage of the wood
exerts stress on the already weakened tissue. In decayed wood, the
loss of structural bonds allows these shrinkage forces to propagate
cracks along the grain and across the growth rings, leading to a
structural collapse [Brischke and Alfredsen 2020].

5 Modeling Wood Mechanics

Our model operates on the strand-based representation introduced
by Li et al. [2025, 2024]. The input is a skeletal graph G with planar
cross-section profiles at nodes. A set of fixed-radius strands is gener-
ated as cubic B-splines whose control points are strand positions on
these profiles. Strand positions on each profile are optimized with
PBD to avoid collisions, which determines the branch cross-section
packing and thus the volumetric distribution of strands.

From the initial strand set, we derive a randomly subdivided
strand group SG used for physics and meshing. For each strand in SG,
we sample rod particles p along the spline and connect consecutive
particles into rod segments. A rod element is defined by two adjacent
rod particles, their connecting rod segment, and the segment center.
Rod elements are the simulation primitives that store kinematic state



(position, orientation, velocities) and material parameters (moisture,
moduli, strain limits, rest length, and mass).

To couple strands volumetrically, we build a multi-connected
REG. Its nodes are rod-element centers; REG edges are rod element
pairs connecting nearby rod elements by minimum-distance paths,
computed using the proximity-graph construction of Macklin et al.
[2016]. Each rod element pair stores its own physical state (e.g.,
rest Darboux vector, positional offset) and integrity flags control-
ling whether coupling constraints are enforced. The mechanical
simulation uses XPBD in two stages per time step. Stage 1 solves
strand-wise Cosserat rod dynamics on each 1D chain of rod ele-
ments (one chain per strand). Stage 2 solves the multi-connected
REG using XPBD connection constraints initialized from Stage 1.

5.1 Stage 1: Cosserat Rods on Strand Chains

For each strand chain, we integrate rod-element particle positions
and segment orientations under external forces and torques as
well as XPBD constraints. The constraint set includes distance con-
straints on rod particles, and Cosserat constraints for bending, tor-
sion, shear/stretch, as well as collider constraints against external
primitives (box, sphere, cylinder) following [Kugelstadt and Schomer
2016; Macklin et al. 2016]. In each solver iteration, predicted states
(p’,q’) are updated by projecting constraints C;(p, q) = 0 using the
XPBD multiplier update

Al -C(p.q)

S ch 1
VCTM-IVC +a W

with compliance a. The output of Stage 1 is a per-rod-element
estimate of position p and orientation q (and derived strains) that is
used to initialize Stage 2.

5.2 Stage 2: XPBD on the REG

Stage 2 enforces volumetric coupling between neighboring strands
by solving XPBD constraints on REG edges. For each connected pair
of rod elements i, j, we enforce a positional connection constraint

Cconnect(pi’Pj) =lpi - Pj|| - Ap, ()

where Ap is the stored rest offset for that pair. The same XPBD
projection method is applied to the multi-connected graph using
the Stage 1 estimates as initialization, which improves convergence
compared to solving directly on the REG.

5.3 Failure and Connectivity Updates

Material failure is implemented by disabling constraints via integrity
flags stored on rod element pairs. During each time step, we compute
strains on rod element pairs (bend, torsion) and on rod elements
(shear, stretch). If a rod element pair exceeds its bend or torsion
limits, its bend or torsion integrity flags are set to false, preventing
further enforcement of the corresponding coupling. If a rod element
exceeds shear or stretch limits, the connectivity integrity for the
affected connection is set to false, allowing separation while still
permitting other constraints (e.g., partial sagging behavior) as in [Li
et al. 2025]. After integrity updates, connected components are
recomputed (e.g., via label propagation).
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Fig. 4. A picture of a log affected by rot (left) and our simulation results
(right). Our method successfully captures the characteristic orthogonal
crack propagation and the resulting formation of distinct cubic chunks.

5.4 Contact Between Detached Components

Unlike Li et al. [2025], we simulate post-fracture contact using a
local penalty model defined on rod segments. Each rod segment i is
treated as a capsule whose centerline is the line segment between
its two rod particles and whose radius is r;. For a candidate pair
of segments i and j, we compute the minimum capsule—capsule
distance dist(i, j) and the corresponding unit direction n;; pointing
from segment i to segment j. We define the penetration depth

dij = max((ri +rj) — dist(i, j), 0) , 3)
and apply a quadratic penalty force to segment i,
Fi = —keor §7; i) (4

where k., is the collision stiffness. The equal-and-opposite force is
applied to segment j.

Friction on the rod particles is computed to damp particle veloci-
ties in contact. Let p; ;. denote rod particle k € {1, 2} of segment i,
with velocity v; j. For each particle-segment pair (p; k., j), we com-
pute the minimum distance dist(p; ., j) from particle p; ; to the
capsule of segment j, and the corresponding unit direction n ;
pointing from p; ; to segment j. Using the penetration depth

ikj = max((r; +rj) = dist(p;x, j), 0), (5)
we define a penetration-based contact force
2
AF;j = —kcol ¢ikj Nk j» 6)

with the same stiffness k.,;. We then apply a multiplicative damping
update to the particle velocity,

IAF; i llAt

Av; . = —min|1, _
Bk K1 i max([[ville)

Viks (7)
where pif is the friction coefficient, At is the simulation time step
used in the XPBD integrator, m; is the mass associated with seg-
ment i, and ¢ is a small constant to avoid division by zero.

6 Rot Dynamics Modeling

We simulate biological decay on the same rod-element discretiza-
tion used by the mechanical solver (Sec. 5). Each rod element is
associated with a local material frame (e, e, €;) aligned with the
radial, tangential, and longitudinal directions of wood. The biophys-
ical processes described below are modeled in this local frame to
support anisotropy, while the state itself is stored per rod element
and exchanged with neighboring rod elements via REG adjacency.
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Fig. 5. Starting from a localized inoculation (a), the fungal front spreads
preferentially along grain-aligned pathways (b). We model spatial anisotropy
by modulating the transport operator with a 3D noise field that encodes
specimen-specific weak regions (e.g., around branch junctions), yielding
irregular, directionally biased colonization patterns over time (c, d).

Fig. 6. Ablation study: When either radial or tangential material strength is
artificially weakened, crack propagation becomes constrained to the cor-
responding direction, resulting in extreme fracture modes such as purely
radial splitting or circumferential delamination (a, b). Under balanced ra-
dial and tangential material properties, shrinkage-induced stresses lead to
non-uniform crack initiation and propagation. Crack competition and stress
shielding result in a small number of dominant radial cracks, while sec-
ondary cracks remain or diminish over time, producing an asymmetric and
realistic fracture pattern (c, d). The shrinkage gains in different directions
are specified in Table 2.

To capture specimen-specific anisotropy beyond the global radial-
tangential-longitudinal frame, we modulate the effective transport
strength with a fixed spatial weak-point field W(x) € [0, 1]. The 3D
noise field W is evaluated in the local wood material frame (ey, ey, €;).
We implement W as a 3D Perlin noise function and use it to locally
update diffusion and growth rates along different regions, producing
irregular, directionally biased propagation consistent with observed
decay pathways (Fig. 5).

For each rod element at position x and time ¢, we store: (1) fungal
activity fields Ry, (x, t) and Ry (x, t), representing the local metabolic
activity of white-rot and brown-rot mycelium within the element.
Both quantities are dimensionless and clamped to [0, 1], where 0
denotes absence and 1 denotes local carrying-capacity saturation
of fungal activity. (2) tissue state variables Hc(x,t) and Hj(x,1t),
representing the remaining fraction of structurally relevant carbo-
hydrates (cellulose, hemicellulose) and lignin, respectively. Both are
dimensionless and clamped to [0, 1], where H = 1 denotes intact
tissue and H = 0 denotes locally depleted substrate. (3) a chemical
defense field C(x, t), representing the normalized local availabil-
ity of antifungal compounds (e.g., extractives or induced defenses)
within the element. C is dimensionless and clamped to [0, 1]; it ap-
pears as a multiplicative inhibitor of fungal activity and saturates
via (1 — C), hence we model it as an efficacy index. (4) moisture
content M(x, t), represented as gravimetric moisture content (mass
of water per dry mass of wood), with physical unit [kg/kg] (often
reported as a percentage). We restrict M € [My, M;], where M, and
Mj are the minimum and maximum admissible moisture contents
used by the model.
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White and brown rot are modeled as reaction-diffusion pro-
cesses defined on rod elements, where local fungal activity increases
through substrate-limited proliferation, decreases through chemical
inhibition, and spreads through the wood volume.

All state variables in our model are normalized to represent phys-
ically meaningful quantities. Beyond numerical clamping, the con-
tinuous reaction—-diffusion system itself guarantees this consistency:
starting from valid initial conditions, the coupled dynamics preserve
the intended bounds for all variables at all times. A concise proof is
given in Appx. A.

For all parameters used in our model, we provide detailed descrip-
tions and representative values/ranges in Table 3. The experiment-
specific parameter changes used in the controlled studies are sum-
marized in Table 2.

6.1 White Rot
White-rot activity R,, is defined as
ORyy
Tl aw(M) Ry (1 = Ryy) (A H; + AcHe) K+H BwCRy
+ DWVZRW,
®)

The factor R,,(1—R,,) implements local saturation of fungal activity,
preventing unbounded growth and providing a carrying-capacity
limit at R,, = 1. The scalar a,, (M) is introduced following a phe-
nomenological approach to allow growth only within a prescribed
moisture range, as defined in Eq.(10). Substrate limitation enters
through (A;H; + AcH.), a linear combination of lignin and carbo-
hydrate availability (health fractions Hj, H € [0, 1]), with weights
A1, A¢ controlling their relative effect on growth rate.

We further include a carbohydrate accessibility factor ﬁ
(Michaelis—Menten form with half-saturation K.) so that white rot
can continue to act on lignin but cannot expand its population
without sufficient accessible carbohydrates; this avoids growth in
regions where carbohydrates are depleted while lignin remains.
Chemical suppression is captured by —f,,CR,,, where C € [0, 1]
is the defense efficacy field and f,, scales its inhibitory strength;
the multiplicative form ensures inhibition vanishes if either fungus
or defenses are absent. Finally, D,,V2R,, is the diffusion term that
couples neighboring rod elements and represents spatial spread,
with D,, controlling the propagation speed.

6.2 Brown Rot

Brown-rot activity Ry, is defined as

oR
a_tb = ap(M) Ry(1 = Ry) He — By CRy + Dy V2R, , (9)

where Ry, (1-Ry,) again enforces bounded local saturation and az, (M)
controls proliferation by moisture as before. In contrast to white rot,
brown-rot growth is driven solely by carbohydrate availability He,
reflecting that brown rot primarily depolymerizes carbohydrate-rich
components while leaving most lignin as a modified residue. De-
fense inhibition —f;,CRp, mirrors the white-rot term with a separate
coefficient ff,, and Dy, V2R;, controls spatial spread with diffusion
coefficient Dy,



6.3 Moisture Dependence of Fungal Growth

We express moisture dependence by modulating the baseline growth
rates a0 and apg with a smooth windowing function of the local
moisture content M:

(M) = o w(

M — Mpin w Mmax — M
St St

) . (10)

where ¥/ : R — [0, 1] is the smoothstep function defined by

0, z<0,
U(z) =4322-22%, 0<z<1, (11)
1, z>1.

For low moisture M < My, the first factor is # 0 and thus
a,, p (M) = 0. For intermediate moisture M +s¢ $ M < Mmax—St,
both factors are ~ 1 and a,,,(M) = a,,po. For high moisture
M > Mpnax, the second factor is ~ 0 and growth is suppressed
again.

6.4 Tissue Health Dynamics

We represent substrate loss with two bounded health fractions:
H; € [0, 1] for carbohydrates and Hj € [0, 1] for lignin. Each deple-
tion term is proportional to the corresponding fungal activity and
the remaining substrate, yielding first-order consumption kinetics
and ensuring that depletion slows as the substrate becomes scarce.
Carbohydrate health evolves as

oH,
ot
where yc and y,p control carbohydrate consumption by white
and brown rot. The recovery term p.(1 — H;)C increases H, in
proportion to defense availability C and the remaining “capacity”
(1- Hc), so recovery saturates as H. — 1 and vanishes when C = 0.
Lignin health evolves as
oH,
ot
where y;,, controls lignin consumption by white rot and p; controls
the corresponding recovery term.

Together, Eqgs. (12)-(13) provide independent spatial fields for
carbohydrate and lignin depletion, allowing white and brown rot
to produce distinct volumetric decay signatures: brown rot rapidly
reduces H; while leaving Hj largely intact, whereas white rot re-
duces both H, and H;. These health fields are the quantities we later
couple to transport coefficients and mechanical integrity updates.

= ~YewRwHe = Yep Rp He + pc(1 - He) C, (12)

= ~Yiw Rw Hy + pi(1 - Hy) C, (13)

6.5 Defense Induction and Transport

Chemical defenses C € [0, 1] are modeled as a bounded inhibitor
field with induction, decay, and diffusion:

% = k(R +Rp) II(H) (1 - C) — 6 C + DcV2C, (14)
where k sets induction strength proportional to total fungal activity
Ry + Ry, (1 — C) enforces saturation, IT(H) modulates inducibility
from tissue condition (in our implementation, II(H) = H.Hj), § is
the natural decay rate, and D¢ is the diffusion coefficient.

This defines spatially localized defense production via the (R, +
Rp) term, as well as reduced defense capability in degraded tissue
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Fig. 7. Close-up of brown rot fungal decay in wood, highlighting the char-
acteristic cuboid fracturing pattern caused by the fungus, leaving the wood
dry, brittle, and cracked into distinct blocky segments.

Fig. 8. Lignin-degrading decay yields a smoother, more diffuse weakening
pattern than brown rot: material loss spreads gradually through the volume,
producing softened, stringy wood with an irregular surface rather than
blocky fracturing.

through II(H). Because C enters the fungal equations as a multi-
plicative inhibitor, the resulting coupling supports traveling-wave
behavior in which fungal spread can be slowed or locally halted
when defenses accumulate, while still permitting re-colonization
once defenses decay through —8C.

6.6 Moisture Transport with Volumetric Exchange

Moisture content M evolves by diffusion and bounded source-sink
terms:

oM
= = V- (DMVM) + (M — M) kin(bd, He) (15)

_(M - MZ) kout(bd, Hc) 5

where M € [Ma, M;] is the gravimetric moisture content, bd =
bd(x) is the distance to the bark boundary at position x, and ki, (+),
kout(+) are source/sink rate functions. The factors (M; — M) and
(M — M3) make uptake vanish as M — M; and loss vanish as
M — Moy, respectively. In our implementation, ki, is in the form
of kion(l — k™ - bd)He, kout is in the form of kgut(l — kOU'H,)(bdy —
bd)y.
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7 Moisture-to-Mechanics Coupling

After updating the moisture field M(x, t), we map it to mechan-
ical rest quantities and strain limits used by the rod solver. Let
()" = max(-,0) and let My denote the critical moisture thresh-
old below which moisture-driven shrinkage and reduced failure or
strain capacity are initiated.

For each REG edge (rod element pair), we scale its rest offset
distance (the Ap term in Eq. 2) as

Ap Apo(l— (MO—M)+S), (16)

where Apy is the default (healthy, wet) rest offset and S controls how
strongly drying reduces this offset. When M > M, we have (M —
M)* = 0 and therefore Ap = Apy, i.e., no moisture-driven change
is applied. When M < My, the factor (My — M)* becomes positive
and decreases Ap, meaning the solver tries to keep neighboring
rod elements closer together than in the wet state. Increasing S
strengthens this effect (faster reduction of Ap for the same moisture
deficit), which increases the internal constraint forces required to
satisfy the shortened rest offsets and therefore promotes drying-
induced deformation and failure. For each rod element along a
strand, we update its rod rest length as

b o (1= (My = M)*5), (17)

where I is the default (wet) rest length and s controls how strongly
drying shortens the strand direction.

We additionally scale the XPBD strain limits (shear, stretch, bend,
twist, and bundle) by a moisture-dependent factor

L(M) = Lo f(M—Ms), (18)

where Ly denotes the corresponding default limit values in the
healthy state, My is the minimum admissible moisture content, and
f:R — [0, 1] is a monotone mapping. In our implementation,

0, x <0,
x Pe
x) =3 (———— , 0<x <M —M,, 19
=1 () oexem-me )
1, x>M — M.

with exponent py chosen per constraint type, and M; the maximum
admissible moisture content. Increasing p, makes the reduction of
L(M) steeper near the dry end, so constraints reach their failure
thresholds earlier under drying; decreasing p, produces a more
gradual reduction of limits over the same moisture range.

To couple decay back into moisture transport, we make the mois-
ture diffusivity depend on a scalar health aggregate H(x, t) com-
puted from (H,, Hj):

Dp(x,t) ZDM0(1+kDM(1—H(x, t))), (20)

where Dy is the baseline diffusivity and kpys > 0 controls sen-
sitivity. When tissue is healthy (H ~ 1), we obtain Dy; ~ Dyyo;
as decay progresses and H decreases, Dy increases linearly with
1 — H. Larger kpp amplifies this increase, accelerating moisture
equalization in degraded regions relative to healthy wood.
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Fig. 9. Binary space partitioning in wood-local coordinates assigns each rod
element a coarse cell ID (color), yielding controllable cuboid-sized regions
for a board, a log, and a full tree; REG connections crossing cell boundaries
are treated as potential weak planes to promote brown-rot cubical checking.

Fig. 10. We convert the strand discretization into a watertight surface par-
tition by constructing a cross-section—consistent volumetric tessellation
around strands; each resulting meshlet corresponds to a rod element and
can be detached after connectivity failure, enabling fracture-aware render-
ing and interaction.

7.1 BSP-Based Prepatterning for Cubical Patterns

Brown rot often produces cubical patterns, in which separation
occurs along approximately planar interfaces. To reproduce this
macroscopic fragmentation pattern robustly at log and tree scale,
we introduce a geometric prepattern that biases which volumetric
connections in the REG are most susceptible to integrity loss under
carbohydrate depletion.

Each rod element center x is mapped to wood-local coordinates
(r, ¢, s), where s is distance-to-root along the skeleton, and (r, ¢)
are polar coordinates in the local cross-section frame. We build a
BSP tree over the normalized space (7, ¢, §) and assign each rod ele-
ment a leaf index groupID(i). Figure 11 shows the resulting cubical
partitions (colored by groupID) for a board, a log, and a tree.

For each REG edge (i, j), we define

0ij = ]I[groupID(i) * groupID(j)],

so that edges crossing BSP cells are flagged as potential weak planes.
These edges are not broken a priori; instead, 0;; enters the integrity
update (Eq. 21) to preferentially reduce connectivity across cell
boundaries as H, decreases, yielding stable cubical fragmentation
while leaving the exact separation events to the XPBD failure dynam-
ics. Figure 11 illustrates the effect of different BSP configurations
on the resulting fracture morphology. The default setting in Fig. 11
(a) produces characteristic cubical fragmentation. Elongated BSP



cells in (b) introduce a stronger bias along the longitudinal direc-
tion, whereas larger cells in (c) lead to coarser and more block-like
fracture patterns. When BSP prepatterning is removed entirely, as
in Fig. 11 (d), the structure becomes more uniform and loses the
distinctive cubical organization.

7.2 Integrity Update from Rot Patterns

After updating the biophysical fields, we convert tissue degradation
into a scalar integrity value on each REG edge. For connected rod
elements i and j, we define an integrity factor I;; € [0,1] as

Lij = (l - 9,']' ke (1 —Hc)) (1 -k Q1 —Hl)), (21)

where H, and H; denote the carbohydrate and lignin health val-
ues evaluated for the edge, and k. and k; control the strength of
carbohydrate- and lignin-driven integrity loss, respectively.

The binary indicator 6;; € {0, 1} encodes the brown-rot cubical
patterning derived from the BSP partitioning: 6;; = 1 if rod elements
i and j belong to different BSP cells (group(i) # group(j)), and
0;j = 0 otherwise. Consequently, carbohydrate loss reduces integrity
predominantly across BSP cell boundaries, while lignin loss reduces
integrity independently of the BSP partition. The resulting integrity
factor I;; is applied to the corresponding REG connection by scaling
its connection strength in the subsequent mechanical solve.

8 Implementation

All simulations are executed in our C++ framework, with physics,
visualization, and real-time rendering implemented on the GPU
using Vulkan for parallel acceleration. The online renderer operates
directly on the simulated strand/rod state and the associated mesh
representation, enabling continuous preview of fracture, separation,
and decay progression. Unless stated otherwise, the online simu-
lation results were produced on a workstation equipped with an
Intel Core 19-10850K CPU, an NVIDIA GeForce RTX 3090 GPU, and
32 GB of RAM.

8.1 Meshing

We convert strand layouts into watertight meshlets suitable for
fracture-aware rendering and interaction (Fig. 10). We treat each
branch segment as a continuum of cross-sections indexed by a scalar
parameter d;, where d; is the distance-to-root along the branch cen-
terline. For every d;, we evaluate all strand centerlines that pass
through the branch at that location and project their intersection
points into a local 2D cross-section frame attached to the branch
(constructed by parallel transport along the centerline). This yields
a family of moving 2D point sets P(d;) = {Pi(d;)}, one point
per strand, which can be viewed as a set of 2D parametric curves
P; : [0,L] — R? sampled through the cross-sectional profiles. P (d;)
induces a Voronoi partition at any d; € [0, L], whose evolution we
track using Guibas et al. [1992] to obtain boundaries for each strand
such that the entire space is filled. To keep the implementation sim-
ple and robust, we represent each P;(d;) piecewise linearly between
successive cross-sections.

To bound the otherwise unbounded Voronoi partition induced by
P (d;), we compute a kinetic alpha shape [Kerber and Edelsbrunner
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Fig. 11. Comparison of the fracture patterns under different BSP config-
urations: (a) default setting, (b) elongated cells (2.5% elongated along e;),
(c) large cells (16 larger volume), and (d) no BSP. Elongated cells introduce

bias along the longitudinal direction, while larger cells lead to coarser pat-
terns, and removing BSP introduces more uniform structures.

€« .
-

Fig. 12. Alog progressively degraded by brown rot transitions from an intact
log (top left) to cubical fragmentation and collapse (top right), followed by
debris piling under our capsule-based contact and friction model. Increasing
the fungal activity on one side yields finer fragments and a lower, more
compact debris pile (bottom left, bottom right).

2013]: at each d;, an alpha-complex is obtained by pruning the De-
launay triangulation of (d;) using a fixed radius threshold, and its
outer polygonal boundary defines the cross-section contour. Rather
than reconstructing this contour independently per slice, we tra-
verse the branch by updating the triangulation and alpha-complex
with discrete events as d; advances under the piecewise-linear mo-
tion model; in practice, this reduces to processing local topological
changes (e.g., edge flips) and membership changes of triangles in
the alpha-complex. The resulting time-consistent boundary curves
are then projected back to 3D in their corresponding cross-section
planes and stitched along d; to form a closed boundary surface for
the entire branching structure. Finally, we tessellate the stitched
boundary to obtain a watertight surface mesh that follows the strand
distribution and remains stable under subsequent fracture and con-
nectivity updates.

ACM Trans. Graph., Vol. 45, No. 4, Article 155. Publication date: July 2026.
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Algorithm 1: Coupled Rotting Simulation

Data: Skeletal graph G with profiles; model parameters; time
steps Atpech, Alpio
Result: Rod states (p, q), REG connectivity/integrity, fields
(Rw, Ry, He, Hy, C, M)
1 Init: build strands/rod elements and REG (Sec. 5); initialize
(p, qQ) and rest data (Apo, I); initialize
(R, Ry, He, Hy, C, M) and inoculation;
2 Compute BSP groups and 6;; (Sec. 7.1).
3 forn=1,...,Ndo
// (1) Mechanics substeps
4 fork=1,...,Npec do

5 Solve Cosserat strands + REG constraints (Egs. (2));
6 Apply contact: repulsion (4), friction (7);

7 Update failure flags from strain limits (Sec. 5.3).

8 end

// (2) Biophysical update on rod elements
(forward Euler on REG)

9 Update R,, by (8) and R}, by (9);

10 Update H., H; by (12)-(13) and C by (14);

1 Update moisture M by (15).

// (3) Coupling back to mechanics

12 Update rest quantities by (16) and (17) (and limits L(M)

by (18));

13 Update edge integrity I;; by (21) and apply it to REG
connections.

14 end

8.2 Algorithm

Algorithm 1 summarizes our coupled biophysical-mechanical simu-
lation on the REG discretization. In line 1, we construct the strand/rod-
element representation and the REG (Sec. 5), and initialize the me-
chanical state (p, q) together with the associated rest data (Ap0, [r0)
used by Stage 1/Stage 2 XPBD. We also initialize the biophysical
fields per rod element, including inoculation seeds for (R, Rp) and
initial material state (Hc, H;, C, M). If cubical checking is enabled,
line 2 computes the BSP group assignment and the boundary indi-
cator 0;; (Sec. 7.1), which later biases integrity loss in Eq. (21).

The outer loop in line 3 advances the simulation over macro
steps. Within each macro step, lines 4-8 perform N, mechan-
ical substeps at Atpech to resolve fast deformation and fracture
dynamics. Specifically, line 5 solves strand-wise Cosserat dynam-
ics (Stage 1) and volumetric coupling on the REG (Stage 2) using
the XPBD constraints (Eq. 2). Line 6 applies post-fracture interac-
tions through capsule repulsion and particle-wise friction (Egs. 4-7).
Line 7 updates integrity/failure flags by comparing computed strains
to moisture-dependent strain limits (Sec. 5.3), enabling separation
when limits are exceeded.

After the mechanics substeps, lines 9-11 advance the slower bio-
physical state at Aty;, on rod elements with REG-neighborhood
exchange. Line 9 updates fungal activities via the reaction—diffusion
dynamics for white and brown rot (Egs. 8 and 9). Line 10 updates
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Fig. 13. Brown rot and white rot initiated at opposite ends of the log (rectan-
gular areas). Brown rot preferentially degrades carbohydrate-rich sapwood,
producing characteristic cubical fracture patterns, while white rot pene-
trates into lignin-rich heartwood, hollows the log, and produces a more
diffuse degradation pattern.

tissue health and defenses using Eqs. (12)-(13) and Eq. (14), captur-
ing substrate depletion, bounded recovery terms, and inhibitory
coupling through C. Line 11 updates moisture using Eq. (15), which
combines diffusion with bounded source-sink terms.

Finally, lines 12-13 apply the biophysical-to-mechanics coupling.
Line 12 maps moisture to mechanical rest quantities and failure
thresholds by updating the REG rest offsets and rod rest lengths
(Eqgs. 16 and 17) and the strain limits L(M) (Eq. 18). Line 13 converts
the current tissue state into an edge-wise integrity factor I;; (Eq. 21),
including the cubical-pattern prior through 6;; when enabled, and
applies it to the REG connections used in the next mechanical solve.

We advance the biophysical update (Eqgs. 8-15) with an explicit
forward-Euler step, and space is discretized on the REG using a
graph Laplacian with an anisotropic Gaussian kernel; in our im-
plementation, we update the coupled fields in a fixed order. Me-
chanics are integrated at the time scale of [Li et al. 2025] with a
small time step (Atypech = 0.005-0.01 s) and multiple substeps per
step, while decay and moisture evolve on a much slower effective
time step (Atpi, on the order of days). Practically, each iteration
performs Ny, mechanical substeps followed by one biophysical
update, which resolves fast fracture dynamics while accumulating
slow decay over interactive time.

8.3 Rendering

We use two rendering paths: an online renderer for interactive
preview during simulation and an offline pipeline for final figures.
During simulation, we render directly from the current rod/meshlet
state, including detached components after connectivity failure, so
users can inspect crack formation, separation, and rot evolution
in real time. Each meshlet follows the simulated shrinkage of its
corresponding segment.

For final-quality images, we export the fractured meshlets to
Blender and render them with a standard PBR material. To pre-
serve grain alignment under deformation and fracture, we evaluate
all procedural texture coordinates in wood-local directions (radial,
tangential, longitudinal). We modulate albedo and roughness with



coherent noise to reproduce natural heterogeneity, and we reuse the
same fields for small-scale normal perturbations to add surface relief
without increasing mesh complexity. The rot appearance is driven
by the simulated fields: we blend color and roughness modifiers as
functions of tissue health and moisture (e.g., He, H;, M) to obtain
consistent transitions from intact wood to degraded regions.

9 Result and Validation

We evaluate our coupled framework by demonstrating moisture-
driven fracture behavior of the strand-based wood model, qualitative
rot patterns and competition dynamics of white and brown rot,
and emergent feedback between decay, moisture transport, and
mechanical failure across board, log, and tree-scale scenarios.

9.1 Wood model

We first validate that our moisture-to-mechanics coupling repro-
duces characteristic shrinkage cracking and the expected sensitivity
to directional strength. When moisture drops below the critical
threshold My, we shorten the REG rest offsets and the strand rest
lengths. This drives internal incompatibility: the XPBD solver must
satisfy shorter rest states, increasing tensile/compressive stresses
along the wood material frame and triggering fracture once strain
limits are exceeded. Under balanced radial-tangential properties,
this produces non-uniform crack initiation, yielding a small number
of dominant radial cracks (Fig. 6c, d). If either radial or tangential
resistance is artificially weakened, cracking becomes constrained to
the corresponding direction, limiting failure modes to radial splitting
or circumferential delamination (Fig. 6a, b).

We repeat the same full-tree simulation at two overall moisture
settings and compare the resulting failure behavior (Fig. 16). All
runs start from the same initial tree geometry and rot state; the only
change is the initial moisture level of the wood. In our model, drier
wood shrinks more and becomes more brittle, leading to internal
stresses that build up earlier and the structure reaching breaking
conditions sooner. This is why the drier case shows substantial
branch loss and a partially collapsed configuration. As moisture
increases, shrinkage effects weaken, and the wood tolerates larger
deformations before breaking, so fewer branches detach, and the
tree remains largely intact even when rot is present. In both cases,
the decay process progressively hollows the trunk, forming a visible
cavity that weakens the load-bearing core even when the outer shell
remains connected.

9.2 Rotting Simulation

We evaluate the behavior of our coupled rot dynamics by qualita-
tively assessing decay signatures, inter-species competition, and
anisotropic spread.

Figs. 7 and 8 compare the characteristic decay morphologies pro-
duced by our two rot models under identical geometry and dis-
cretization. In our method, the difference is driven by which state
variables control mechanical integrity and where: brown rot pri-
marily depletes carbohydrates, and this depletion is converted into
patterned connectivity loss by the BSP-based weak-plane indicator
0;; in the integrity update, causing REG connections to fail prefer-
entially along prepatterned interfaces and producing blocky, cubical
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Fig. 14. Evolution of wood decay of a cut tree trunk (top, left): Internal cracks
emerge because of the moisture change (top, middle). The heartwood’s low
resistance makes it vulnerable to white rot, causing it to become hollow
(top, right). Due to brown rot, the wood decays further (bottom, left) until
it is fully affected by rot (bottom, center), and then it further decomposes
(bottom, right).
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Fig. 15. Initial moisture loss causes anisotropic shrinkage and fiber-aligned
cracking in wood (left). The board is subsequently affected by fungal decay,
leading to progressive internal deterioration (middle, right).

fragmentation. White rot, in contrast, reduces both H; and lignin
Hj through its coupled growth and consumption terms. Since lignin-
driven softening enters the integrity update without 6;;, weakening
accumulates more isotropically across the REG, yielding a smoother,
more diffuse volumetric deterioration rather than discrete cuboids.

Figure 13 demonstrates a bidirectional competition scenario in
which brown rot and white rot inoculate opposite ends of the same
log. The two decay modes propagate through different tissue re-
gions and produce contrasting macroscopic outcomes: brown rot
preferentially advances through carbohydrate-rich zones and pro-
motes cubical fragmentation, whereas white rot penetrates into
lignin-rich regions and causes progressive hollowing with a more
diffuse degradation front. Our model also reproduces directionally
biased spread consistent with wood’s anisotropic transport proper-
ties. In Fig. 5, the inoculation at the upper-left produces an irregular,
grain-aligned growth front rather than an isotropic radial expansion:
activity advances predominantly in the tangential direction and only
diffuses radially once it encounters a local weak spot, yielding the
characteristic anisotropic decay pattern. Weak spots are defined
by 3D noise fields where parameter values have been calibrated to
simulate the spatial layout of branching points.

9.3 Fungal Decay and Mechanical Coupling

We demonstrate bidirectional coupling among mechanics, moisture,
and decay across scales, from localized crack-rot interactions to
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Fig. 16. Influence of environmental moisture. Both simulations start from
the same initial state at Stage 1 of row 1, Fig. 19. Row 1: At a low moisture
level, the fungal decay results in visible branch breakage due to hollowing
of the branching structure. Row 2: At a high moisture level, branches do
not fracture due to moisture effects alone. Even in the presence of fungal
hollowing, the branches remain structurally intact. The cavity forms on the
right branch due to stronger inoculation.

tree-scale collapse. Figure 14 shows an end-to-end trunk scenario
in which moisture loss first induces internal cracking. As decay
progresses, reduced resistance of the heartwood enables white rot
to penetrate and hollow the trunk, after which brown rot further
degrades the remaining load-bearing material, accelerating struc-
tural deterioration. After a fracture, detached components continue
to interact through contact and friction, producing realistic debris
arrangements. Figure 12 illustrates how progressive brown-rot weak-
ening yields smaller debris and denser piles, with additional fungal
activity on exposed fragments further reducing their size over time.

Figure 15 illustrates the biophysical feedback at the example of
a wooden plank. Anisotropic shrinkage and fiber-aligned cracking
emerge during drying, and are subsequently exploited by fungal
decay, leading to progressive internal deterioration.

Figure 17 showcases how mechanical load transmission changes
with decay by applying the same leftward pull to the left branch at
three different temporal stages of fungal decay (rows). When the
tree is severely degraded (Row 1), the pulled branch disintegrates
almost immediately into small fragments; because the connection
loses integrity early, a small force is transferred into the trunk,
and the opposite branch remains nearly stationary. At intermediate
health (Row 2), the fungal decay is more progressed in time, and
the branch is structurally weakened. In this case, the main branch
exhibits pronounced oscillations, resulting in secondary breakage
of smaller branches as the structure moves. In the non-decayed case
(Row 3), failure requires a much larger pull; instead of brittle breakup,
the branch stores elastic energy, swings with large amplitude, and
then fractures dynamically, producing a wider debris scatter.

Finally, Fig. 19 compares post-mortem evolution across three tree
specimens with different geometry and species-specific material
settings. Each row shows a different tree, while columns depict
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Fig. 17. A leftward force is applied to the left branch. When the tree’s
health is extremely low (Row 1), the branch immediately fragments into
small pieces, preventing effective force transmission to the main branch,
which remains largely unaffected. At a moderately low health level (Row 2),
the weakened branch fractures early, but the applied force is transmitted
through the trunk, causing pronounced oscillations in the main branch and
leading to secondary breakage of smaller branches. When the tree is healthy
(Row 3), a significantly larger force (10x) is required to break the branch.
Instead of immediate failure, the branch undergoes strong oscillations and
fractures dynamically, resulting in debris being scattered outward.

successive stages of decay and failure: the intact structure (Col-
umn 1), early drying-driven branch embrittlement and first breaks
(Column 2), continued degradation with trunk hollowing and larger
branch losses (Column 3), and late-stage collapse with debris ac-
cumulation (Column 4). To reflect species differences, we keep the
fungal transport and growth parameters fixed across all rows (i.e.,
the same a,,, (M) and D, 1), and instead calibrate only the wood-
response and coupling parameters that control drying, strength,
and structural integrity, including the shrinkage gains S and s, the
moisture threshold My, the moisture-to-failure mapping exponents
pe, and the integrity coupling weights k. and k;. These choices yield
distinct macroscopic outcomes: specimens with stronger drying
response and lower strain tolerance lose peripheral branches earlier
and accumulate larger debris fields, while more moisture-tolerant
settings preserve larger connected components for longer despite
ongoing fungal weakening.

Beyond parameter differences, the initial geometry strongly shapes
the visible decay trajectory. Variations in branch density, trunk thick-
ness, and cross-sectional distribution change the local moisture his-
tory and the accessible pathways for activity on the rod-element
graph, which in turn alter where hollowing initiates and how weak-
ening concentrates. In particular, slender, highly branched crowns
promote earlier peripheral failures after drying, whereas thicker
trunks delay global collapse but can exhibit more pronounced inter-
nal hollowing before the remaining scaffold fails.
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Fig. 18. Barrier effect on mass loss and moisture content predicted by our
coupled decay model. We plot the mass-loss and moisture content over time
for four inhibition-to-induction settings f/x € {0,0.5,1,2}. Increasing f/x
strengthens the defense-mediated negative feedback, yielding a pronounced
intermediate plateau (shaded) in which decay temporarily slows before
resuming. The dashed graphs illustrate the dynamics of the moisture content
ratio.

9.4 Barrier Effect

Laboratory block experiments report that fungal decay may exhibit
transient resistance, i.e., a temporary slowdown of mass loss during
intermediate degradation stages, attributed to structural or chem-
ical barriers that reduce accessibility to cell-wall polymers [Bari
et al. 2020]. We validate that our coupled reaction-diffusion system
can reproduce this qualitative behavior through a parameter-space
exploration of the defense coupling already present in our PDE
model.

In Eqs. (8) and (9), fungal activity is inhibited by the local defense
field through the multiplicative terms —f,,CR,, and —f;,CR;. In
Eq. (14), defenses are induced proportionally to total fungal activity
via k(R,, + Rp) and saturate by (1 — C). Increasing the effective
inhibition-to-induction ratios f,,/k and S /K strengthens the neg-
ative feedback loop, which can transiently pin the reaction front
and reduce the net consumption rates of H; and Hj over a range of
intermediate tissue states. This emergently produces a barrier-like
regime in our simulation.

Figure 18 shows the resulting mass-loss trajectories for increasing
barrier strength. As the ratios 3, ; /x increase, the model exhibits an
increasingly pronounced intermediate plateau, followed by renewed
acceleration once defenses decay in Eq. (14).

We convert our health state variables to obtain an approximation
of mass loss using 1 — [(H; + k Hc) /(1 + k)] with k = 2.5, weighting
carbohydrates relative to lignin. We define the moisture content ratio
as [(M—My)(1+k)-1]/[(M;—Mz)(H; +k He)], where [ denotes the
moisture-to-dry-mass ratio when the internal moisture reaches its
maximum in the wood tissue prior to decay (I = 1). The qualitative
plateau behavior in Fig. 18 is consistent with the transient resistance
reported experimentally [Bari et al. 2020]. Absolute time alignment
is not expected because the experiments use small blocks in direct
contact with active mycelium under highly favorable conditions,
whereas our simulations run at the scale of individual logs.
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9.5 Spatial and Temporal Sensitivity Analysis

We perform a lightweight parameter value sensitivity analysis with
respect to two numerical choices: the spatial discretization and
the timestep. Figure 20 compares the default rod sampling with
discretizations that are two and four times sparser. As expected, re-
ducing the sampling resolution changes the local connectivity of the
REG and the geometric detail of the resulting fracture surfaces. Nev-
ertheless, the main qualitative behaviors remain consistent across
all three settings: moisture loss still produces internal cracking, and
the subsequent decay stage still yields the same overall patterns of
rotting and fragmentation.

We also assess timestep sensitivity by comparing rendered states
obtained with the default timestep and with a timestep reduced
by 50%. Using SSIM on the rendered images, we obtain similarity
scores of 0.9984 for the cracking state in Fig. 20 (b) and 0.9868 for
the advanced degraded state in Fig. 20 (c).

10 Discussion and Limitations

Our method explores new ground by coupling a detailed strand
mechanics model with spatial fungal spread, moisture transport, and
a bounded host-state model on the same rod-element discretization.
This coupling produces distinct, controllable macroscopic decay
behaviors (e.g., hollowing for white rot and blocky fragmentation for
brown rot), but it is designed for visual plausibility and interactive
stability rather than species-calibrated wood research. In particular,
decay does not explicitly simulate microstructural collapse, density
changes, or void formation; instead, it acts through moisture-driven
updates of rest quantities and strain limits, and through integrity
weakening of REG connections.

Our formalization of choice for all biophysical equations is phe-
nomenological in nature rather than directly deriving equations
from first principles. We designed our set of equations as a minimal
descriptive model: each term was introduced only when needed
to reproduce a specific observed macroscopic behavior, such as
barrier effects, moisture-driven differences, or distinct white-rot
and brown-rot patterns. The main practical limitations follow from
discretization, time stepping, and contact handling. Transport and
integrity updates are resolved per rod element via REG adjacency,
so strand density and rod-element spacing set the effective spa-
tial resolution. Biophysical fields are advanced using an explicit
forward-Euler update, and our mechanics and biology operate on
different step sizes; this supports interactive runs but does not pro-
vide a calibrated mapping from iterations to real time. We report
runtimes for the experiments depicted in the figures in Table 1 of
Appendix C. Runtime differences across examples mainly stem from
differences in strand and segment counts and the resulting number
of REG connections and contact pairs. Finally, post-fracture inter-
action uses a local penalty contact model with capsule repulsion
and particle-wise friction without continuous collision detection,
so very fast fragments may still tunnel or jitter in extreme cases.

11 Conclusion

In this work, we presented an interactive framework for simulat-
ing fungal wood decay that enables the simulation of biological
processes, moisture transport, and mechanical failure based on a
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Fig. 19. Temporal development of different tree species after death. The tree is initially structurally intact (Column 1). After death, exposed branches rapidly
lose moisture, becoming brittle and prone to breakage (Column 2). Meanwhile, anisotropic fungal activity primarily attacks heartwood, hollowing the trunk
and further reducing overall structural stiffness, which increases the likelihood of branch failure (Column 3). Continued fungal decomposition ultimately
weakens the remaining structure, leading to eventual structural collapse and further degradation (Column 4).

volumetric representation of trees. By modeling white rot and brown
rot as distinct reaction-diffusion systems and embedding their ef-
fects directly into a strand-based mechanical solver, our approach
captures characteristic decay phenomena such as cubical cracking,
fibrous degradation, hollowing, and moisture-induced fracture.

A key contribution of our work is the bidirectional feedback loop
between biology and mechanics: fungal activity and tissue health dy-
namically influence material integrity, while — in turn — mechanical
damage and moisture redistribution affect biological propagation.
This coupling enables emergent behavior that describes real-world
decay patterns, while remaining efficient enough for interactive
authoring and artistic control.

There are several promising directions for future work. For one,
extending the biological model to include additional decay agents
such as soft rot, insects, or microbial competition would further
enrich realism. Second, a more physics-centric generation of cu-
bical fracture patterns that emerge from material anisotropy and

ACM Trans. Graph., Vol. 45, No. 4, Article 155. Publication date: July 2026.

stress rather than procedural partitioning remains an open chal-
lenge. Finally, integrating data-driven parameter estimation from
scanned or measured decay specimens could improve predictive
accuracy and broaden applicability beyond visual simulation. We
believe our framework represents an important step toward biologi-
cally informed modeling of tree degradation, with potential impact
in visual effects, games, digital forestry, and ecological simulation.
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A Physical Invariance of the State Variables

A central design goal of our fungal wood decay model is that all
internal state variables represent physical quantities: fungal activity,
tissue health, defense concentration, and moisture. To remain under
the premise of an interactive simulation, these quantities must stay
within interpretable ranges under arbitrary user inputs, spatial het-
erogeneity, and long simulation times. The following result shows
that this is not only enforced numerically but is an intrinsic prop-
erty of the continuous model: the coupled reaction-diffusion system
admits a forward-invariant physical box that coincides exactly with
the intended normalization ranges used throughout the paper.

In order to prove this, assume homogeneous Neumann boundary
conditions for all diffusing fields and initial data

Rw,Rp,He, Hy, C € [O, 1] s M e [Mz,M1] a.e.in Q,

in which Q is the solid region occupied by the dead wood. Then
every sufficiently regular solution of the model equations satisfies,
forallt >0,

Ry, Rp. He,H,C € [0,1], M€ [My,M;] ae.inQ.

Proor. The argument is a direct application of inward-pointing
reaction terms and the parabolic maximum principle.

Fungal activity and defense. For u € {R,,, Ry, C}, the reaction term
used in the paper has the form

F(u,)) =g(-)u(l—u) - A()u,

or, equivalently for C, F(0,-) > 0 and F(1,-) < 0. Thus the vector
field points inward on [0, 1]. With no-flux boundary conditions,
the maximum principle for reaction-diffusion equations implies
u(-,t) € [0, 1] for all ¢.

Tissue health. The health variables satisfy pointwise linear kinetics

gA 20,

JtH = —a(x,t)H + b(x,t)(1 - H), a,b>0.

At H = 0 the time derivative is nonnegative, and at H = 1 it is
nonpositive, so the interval [0, 1] is invariant at every spatial point.
Moisture. The moisture equation can be written as

M = V-(Dpyt VM) + (M1 —M)kin — (M—M2)kout , Kin, kout = 0.

The source term satisfies S(Mz) > 0 and S(M;) < 0, hence it pushes
M inward at the endpoints. The maximum principle therefore yields
M(,t) € [Ma, My].

Combining the three cases shows that the Cartesian product
[0,1]° X [Ma, Mi] is forward invariant. O
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B Mathematical Rationale for Transient Barrier Effects

The emergence of a barrier-active plateau follows from classical
singular perturbation theory.

Proor. For sufficiently large x and f3, the coupled system admits
a separation of timescales in which the defense variable C relaxes
rapidly relative to the slow evolution of tissue health. By Tikhonov’s
theorem [1952], trajectories rapidly approach a normally attracting
slow manifold defined by the algebraic constraint 9;C = 0, yielding
the quasi-steady relation C*(R) = Kﬁf 5- Restricting the dynamics
to this manifold reduces the effective fungal activity through the
inhibited balance aH(1 — R) ~ C*(R), implying an effective lignin
decay rate kg = y;R that decreases monotonically with both x and
B. Consequently, lignin health evolves exponentially slowly along
the slow manifold, producing an extended interval of negligible
mass loss. As tissue degradation progresses, defense inducibility
weakens and the finite decay rate § prevents permanent inhibition,
leading to a loss of normal hyperbolicity [Fenichel and Moser 1971]
and allowing trajectories to exit the inhibited regime and recover ac-
celerated degradation. The observed plateau, therefore, corresponds
to a parameter-controlled residence time near a defense-dominated
slow manifold, whose duration increases monotonically with barrier
strength. ]

C Parameters and Performance Analysis

Table 1. Runtime statistics.

Figure  #Segments Run Time (s) Per-iteration time (s)
Fig. 6 108,395 20 0.135
Fig. 12 215,010 521 0.417
Fig. 13 215,010 347 0.417
Fig. 14 146,820 388 0.217
Fig. 15 72,015 44 0.137
Fig. 16 56,712 336 0.098
Fig. 19a 56,712 421 0.098
Fig. 19b 109,835 536 0.139
Fig. 19¢ 125,849 659 0.213
Table 2. Parameter variations
Figure Parameter Values
Fig. 6 Shrinkage gain for REG (a)0.1/1
rest offsets in the radial (b)1/0.1
(R) and tangential (T) direc- (c,d) 1/1
tions. (Sg/ST)
Fig. 16 Moisture bounds (My/Mz) (a) 0.6 /0.2
(b) 0.6 /0.4
Fig. 11 #BSP cells (a) 12800
(b) 5120
(c) 800
(d) N/A
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Table 3. Model parameters, units, and meaning. All fields are defined on
rod elements (REG nodes) unless stated otherwise.

Symbol Unit

Description

Biophysical state

Rw, Ry - White-/brown-rot activity, normalized to [0, 1].

Hc, Hy - Carbohydrate / lignin health fraction, normalized to [0, 1].

C - Defense efficacy, normalized to [0, 1].

M kg/kg Gravimetric moisture content.

My, My kg/kg Maximum / minimum admissible moisture. Typical values: 1.0, 0.1.
Mmin, Mmax kg/kg Moisture window for active fungal growth. Typical values: 0.2, 0.9.
St kg/kg Smoothstep width controlling how sharply growth turns on/off

near Mpip, and Mmay in Eq. 10. Typical value: 0.05.

Fungal growth and transport
A0, Apo 1/day

(M), ap (M) 1/day

Baseline white-/brown-rot growth rates before moisture gating.
Typical range: [107%,1072].
Moisture-gated growth rates in Eq. 10.

Dy, Dy mz/day Diffusion coefficients for R4y and Ry, on the REG. Typical range:
[1077,107°].

AL Ace - Weights of lignin / carbohydrate availability in white-rot growth.
Typical values: 0.5, 0.5.

K¢ - Half-saturation constant for carbohydrate accessibility in white
rot. Typical value: 0.2.

Bw, Bp 1/day Defense-mediated inhibition strengths in Egs. (8), (9). Typical range:

[1074,1072].

Health and defense

Yews Yeb 1/day Carbohydrate depletion rates by white / brown rot in Eq. 12. Typical
range: [1074,1072].

Yiw 1/day Lignin depletion rate by white rot in Eq. 13. Typical range:
[1074,1072].

Pes Pl 1/day Recovery gains driven by defenses in Eqs. 12-13. Typical range:
[1075,1073].

K 1/day Defense induction gain in Eq. 14. Typical range: [107%,1072].

5 1/day Defense decay rate in Eq. 14. Typical range: [107¢,1074].

Dc m?/day Defense diffusion coefficient. Typical range: [1077,107°].

II(H) - Tissue-condition modulation of defense inducibility; in our imple-

mentation, II(H) = HcHj.

Moisture transport

Daro m?/day Baseline moisture diffusivity. Typical range: [1076,1074].

Dpg(x, t) m?/day Health-dependent moisture diffusivity in Eq. 20.

kpm - Sensitivity of D to health loss in Eq. (20). Typical range: [0, 1].

kin, Kout 1/day Moisture uptake / loss rate functions in Eq. 15; implemented as
functions of bark distance bd(x) and carbohydrate health H,
with kj, increasing with H¢ and decreasing with bd, and kout
varying oppositely.

bd(x) m Distance-to-bark field used in the moisture exchange term; static

in the current implementation unless stated otherwise.

Moisture-to-mechanics coupling

My kg/kg Drying threshold below which shrinkage and failure-limit updates
are activated. Typical value: 0.2.

S 1/(kg/kg)  Shrinkage gain for REG rest offsets in Eq. 16. Typical range: [0, 1].

s 1/(kg/kg)  Shrinkage gain for rod rest length in Eq. 17. Typical range:
[0,0.05].

Ly - Baseline strain limits (per constraint type).

L(M) - Moisture-scaled strain limits in Eq. 18.

pe - Exponent controlling the moisture-to-limit mapping in Eq. 19. Typ-

ical range: [3,5].

Anisotropy and integrity
(er.ez,ep) -

Local radial / tangential / longitudinal wood frame used to evaluate
anisotropic transport and the weak-point field.

W(x) - Specimen-specific weak-point field; implemented as a 3D Perlin
noise evaluated in the local wood frame and used to modulate
transport / growth coefficients.

0ij - BSP boundary indicator for REG edge (i, j); 0;; = 1if edge (i, j)
crosses a BSP cell boundary.

BSP size/depth - Binary-space-partition control parameter setting the coarse cuboid
scale used for brown-rot prepatterning.

ke, kp - Integrity-loss gains from carbohydrate and lignin depletion in
Eq. 21. Typical values: 1, 1.

Iij - Edge integrity factor applied to REG connections in Eq. 21.

Contact and time stepping

ri m Capsule radius for rod segment i in contact handling. Typical range:
[0.005, 0.05].

keol N/m? Collision stiffness in penalty contact, Eq. 4. Typical value: 30.

I - Friction coefficient in Eq. 7. Typical range: [0.5,1.0].

At s Mechanics time step used by XPBD/contact.

& m/s Small velocity floor in the friction update.

Atmech s Mechanics step size (XPBD). Typical value: 0.01.

Atpio day Biophysical step size (forward Euler on the REG). Typical value:
0.5.

Nmech - Number of mechanics substeps per macro step. Typical value: 25.
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