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Abstract The Virtual Plant Laboratory (VPL) is a software for building, simulating, and visualizing functional–structural plant (FSP) models. 
FSP models focus on the interactions between plant structure, internal physiological processes, and the biotic and abiotic environment. VPL is 
built in the Julia programming language and is designed to be a flexible and extensible platform for FSP modelling. Using Julia brings the advan-
tage that only one programming language is required for the whole modelling cycle as Julia is as fast as compiled languages but also dynamic as 
interpreted languages. VPL provides a graph rewriting system for building dynamic models of plant growth and development, an interactive 3D 
visualization system and a Monte Carlo ray tracer for simulating light interception by plant canopies. In this paper, we introduce VPL, highlight-
ing the main components, modelling paradigms, and design decisions behind it, as well as a future roadmap for further development. We also 
present a model for intercropping of legumes and cereals that was built fully with VPL, as an example of what can be built with this software. 
VPL is open source and available in all common operating systems for anyone to use. Full documentation and tutorials are available at https://
virtualplantlab.com.
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1.   I N T RO D U CT I O N
The Virtual Plant Laboratory (VPL) is a software for building, sim-
ulating, and visualizing functional–structural plant (FSP) models. 
FSP modelling focuses on the interactions between plant structure, 
internal physiological processes, and the biotic and abiotic environ-
ment (Godin and Sinoquet 2005; Buck-Sorlin 2013). FSP models 
span across multiple biological scales, from cells up to plant com-
munities (Louarn and Song 2020), and temporal scales, from cal-
culations of instantaneous photosynthetic rates (Pearcy et al. 2005; 
Wang et al. 2017) to the growth and development throughout a 
plant’s life cycle (de Reffye et al. 2021). This makes FSP modelling 
an indispensable tool for (i) scaling up plant physiological processes, 
(ii) understanding the interplay between plant structure, physiology, 
and biotic and abiotic environment, or (iii) addressing questions in 
ecology or plant production where the 3D structure and topology 
of plants play a significant role, in contrast to classic process-based 
plant models in which plant structure is not described explicitly 
(Vos et al. 2009).

In addition to covering multiple scales and addressing 3D 
plant structure explicitly, FSP models may also be interpreted as 
a special case of agent-based modelling (Zhang and DeAngelis 
2020). At each scale, FSP models can describe the different rel-
evant structures (e.g. cells, organs, branches, plants) as separate 
entities, with an internal state and behaviour. These entities inter-
act with each other directly, through topological connections 
between organs or cells, or indirectly, through the environment. 
The dynamic interplay between direct and indirect interactions 
of these different entities results in emerging properties such 
as competition between plants for resources, which make FSP 
models a useful tool to explain complex spatial-temporal pat-
terns in plant systems from simpler, local patterns.

These features that characterize FSP models also make them 
more challenging to implement than traditional mathematical 
or simulation models. For example, computing the interception 
of light by an explicit 3D structure requires using algorithms 
from computational geometry, many of which were originally 
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developed for computer graphics, such as ray tracing (Bailey 
2018) or radiosity (Chelle and Andrieu 1998). Similarly, keep-
ing track of the topological relationships among organs of a 
plant over time requires using data structures, such as graphs 
(Godin and Caraglio 1998; Hemmerling et al. 2008), whereas 
physiology and environmental physics are generally modelled 
by systems of algebraic and/or (partial) differential equations 
(Farquhar et al. 1980; Baldocchi et al. 2002). In contrast, a 
traditional process-based model of plant growth is often only 
comprised of a system of algebraic equations iterated over time 
(Wang et al. 2002; van Ittersum et al. 2003).

Given this need for multiple, non-trivial data structures and algo-
rithms, specialized scientific software solutions (hereafter denoted 
as modelling frameworks) have been developed for FSP modelling, 
including GroIMP (Hemmerling et al. 2008), OpenAlea (Pradal et 
al. 2008), and L-Studio (Prusinkiewicz et al. 2000) among others 
(see below for details). These modelling frameworks allow model-
lers to focus on translating their scientific knowledge into code and 
execute it, without having to learn all the mathematical and com-
putational details mentioned above. Modelling frameworks are 
fundamental to the recent growth in FSP modelling. Further pro-
gress in the field is, to some extent, limited by the improvement and 
maintenance of said frameworks. The VPL (https://virtualplantlab.
com) is a novel FSP modelling framework built in the Julia program-
ming language aimed at allowing easier maintenance and further 
improvement.

In its current iteration, VPL focuses on FSP models defined 
at the levels of organ, plant, and canopy (Buck-Sorlin 2013). 
VPL is not intended to be used for models that describe the 
anatomy of organs (i.e. where individual cells or tissues are rep-
resented explicitly), such as existing 3D anatomical models of 
roots (Postma et al. 2017; Couvreur et al. 2018), leaves (Ho et 
al. 2016; Retta et al. 2023), or meristems (Smith et al. 2006). 
Similarly, VPL does not currently allow representing canopies 
with voxels or crown envelope volumes, which are often used 
when simulating trees (Sinoquet et al. 2001; Chen et al. 2008; 
Duursma and Medlyn 2012).

In this paper, we first introduce the VPL (version 0.0.6, 
released in September 2024), highlighting the main compo-
nents, modelling paradigms, and design decisions behind it, 
as well as a future roadmap for further development. We also 
briefly describe the implementation of VPL in the Julia program-
ming language. Finally, we present a short case study of a model 
for intercropping of legumes and cereals that was built with 
VPL, as an example of what can be built with this software. VPL 
is fully open source (all code is hosted in the VirtualPlantLab 
GitHub organization: https://github.com/VirtualPlantLab) 
and available in all common computing platforms for anyone to 
use (Linux, Windows, MacOS, and FreeBSD). We refer poten-
tial users to the official website https://virtualplantlab.com for 
instructions on installation and use.

2.   T H E  V I RT UA L  P L A N T  L A B O R ATO RY
2.1  Modelling paradigms and features

2.1.1 Plant topology (graphs).
VPL uses directed acyclic graphs, also known as tree graphs, to 
describe the topological structure of a plant. Canonically, each 

node in a graph represents either an organ or a special topolog-
ical feature that separates organs, such as the stem node that 
separates internodes, although this is not enforced. For instance, 
nodes can also be used to specify the origin and orientation of a 
plant or sub-plant scales, such as branches or tillers. A node in 
a graph may contain any data the user deems relevant, encap-
sulated within user-defined data types. Typically, these data 
will describe the geometry of an organ and its internal state like 
age, physiological signals, absorbed light, etc. It is also possible 
to store data at the graph level, which is intended to represent 
variables and parameters that are constant across organs or that 
are defined at the plant level, such as plant biomass. Constants 
and common parameters may also be defined as global variables 
outside of graphs.

In a dynamic FSP model, the graphs will evolve over time, 
either by changing the data stored in the nodes or by adding, 
subtracting, and/or replacing nodes in the graph. To facilitate 
this dynamic evolution, VPL offers rules and queries. In both 
cases, a subset of the nodes in the graph will be selected based 
on a matching condition. This condition is defined by the type 
of node to be selected and a user-defined condition function 
that will be executed on each node of the right type, and which 
should return true or false. The condition function will have 
access to the data stored in the node, in the graph as well as all 
the other nodes in the graph through their topological relation-
ships. The latter allows selecting nodes based on their context 
within the graph.

In the case of rules, the selected nodes will be replaced by a 
new node, a sub-graph (i.e. a set of connected nodes) or nothing, 
in which case the node and all the nodes downstream of it will 
be removed. The new node or sub-graph is created by a second 
user-defined function that has access to the same information as 
the condition function. This process of replacement of nodes is 
generally known as graph rewriting, such as the one used in the 
software GroIMP (Kurth et al. 2005) and multiple rules may be 
applied to a graph in an iterative fashion. These rules are con-
ceptually defined to be executed in parallel, which offers the 
advantage of efficient processing. The only cost is that within an 
iteration, two rules cannot match the same node and all node 
matching must occur before any node is replaced to ensure safe 
parallelism. As a result, rules cannot be ordered, and must be 
applied collectively.

In the case of queries, the selected nodes are returned in an 
array that the user can use to modify the internal state of those 
nodes. Queries do not rewrite the graph and they can be applied 
in any order and at any point within a simulation. Rules are used 
when changes to the topology of the plant are needed (e.g. emer-
gence of new organs, pruning, senescence, etc.), whereas queries 
are used when only the internal state of existing nodes need to be 
adjusted (e.g. updating the dimensions of organs due to growth).

A graph in VPL is thus defined by three components: (i) an 
axiom, which is the initial set of nodes and their topological 
connections, (ii) a series of rules (if the model is dynamic) and, 
optionally, (iii) a user-defined object to store graph-level data. 
Queries are defined outside of graphs and are then applied to 
existing graphs to retrieve arrays of matched nodes.

VPL does not make any assumptions regarding time steps in 
the simulation. For example, it is possible to trigger the graph 
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rewriting rules multiple times during a simulated day if the user 
wishes to do so. Generally, modifying the graphs over time thus 
consists of applications of rules, application of queries, and mod-
ification of the internal states of the nodes matched by queries. 
Graphs may also be modified by the ray tracer (see below) which 
will affect the internal state of nodes in order to store absorbed 
power.

The graph rewriting paradigm described in the above can be 
considered to lie between the Lindenmayer systems of string 
rewriting or L-systems (Prusinkiewicz and Lindenmayer 1990) 
and relational growth grammars as used in GroIMP (RGG, 
Hemmerling et al. 2008) However, a major departure from these 
paradigms is the fact that VPL does not use a domain-specific 
language (DSL) to define rules and queries but rather a proce-
dural programming paradigm based on user-defined functions, 
data types, and methods to traverse the graph and modify inter-
nal states, which relies on normal Julia syntax. The main differ-
ence is that a DSL specifies what the computer program should 
achieve without indicating how to do it (in the background, an 
algorithm will generate the code to be executed). In a procedural 
programming approach, the user gives the computer the specific 
instructions to be followed.

We do not have evidence of which system is superior, nor a 
clear set of criteria to make such evaluation. Our experience is 
that a procedural programming approach is more transparent 
and facilitates debugging as the user writes the code that will be 
executed, as opposed to the modelling platform generating the 
code in the background.

To further clarify the different philosophies, let’s imagine a 
graph that consists of two types of nodes (denoted types F and 
A). We would like to identify all the nodes of type F that have a 
parent node of type A. In the XL language used within GroIMP 
(Kurth et al. 2005), the user would use a pattern such as:
(* A --> *) F

Where the ‘-->’ denotes any type of edge between two 
nodes, and the ‘(*...*)’ indicates that the first part of the 
pattern is being used as context (i.e. we are actually interested 
in the F node either to be extracted in a query or to be replaced 
in a rule). In context-sensitive L-systems (Prusinkiewicz and 
Lindenmayer 1990), such as the one used in the language L+C, 
part of L-Studio (Prusinkiewicz et al. 2000), one could use:
A < F

Where ‘<’ denotes that A should precede F on the string to 
be rewritten, but only F is being replaced. For the same tasks, in 
VPL, one would define a function such as:

function match_node(node)
# Extract the parent of the current 

tested node
p = parent(node)
# Check if the data stored in the 

node is of type A or not
if data(p) == A then
return true
 else
return false
 end
end

This function could then be used in the creation of a Rule 
or Query object that targets nodes of type F. VPL provides 
functions to test different relationships (parent, chil-
dren, ancestor, descendant, see VPL documentation 
for details) and built-in Julia tools for iteration (e.g. for loops) 
and conditional checking (e.g. if statements) can then be used to 
build complex patterns.

An exception to this procedural programming approach is 
the possibility in VPL to build sub-graphs for the axiom or the 
rules of a graph, using a simple algebra for graph construction. 
This algebra defines two operators (‘+’ and brackets ‘()’) and 
greatly simplifies the construction of graphs while enforcing 
the constraints of no cycles in the graph and every node only 
having one parent (except the root node). See Supplementary 
Equation S2.1 for an example of a rule using the algebra for 
graph construction.

Finally, although VPL graphs do not encode hierarchical scales 
directly, nodes may represent subsets of the plant and hence 
graphs in VPL are compatible with the Multiscale Tree Graph 
formalism (MTG, Godin and Caraglio 1998), the main differ-
ence being that the user would be responsible of keeping track 
of the different scales manually. Full compatibility with MTG, 
including the commonly used file format for data exchange, has 
not been incorporated yet but will be included in future releases 
of VPL.

2.1.2 Plant structure (geometry).
VPL can convert a graph into a 3D representation, i.e. a series 
of triangular meshes, by using procedural geometry generation 
using the so-called turtle graphics approach (Verhoeff 2010), 
although the 3D structure is not only used for visualization. 
The turtle traverses the graph from the root node and execute 
a user-defined method to generate the geometry associated to 
each node in the graph. These methods are responsible for creat-
ing 3D meshes representing the structure of the plants, as well as 
colour objects (for visualization, see below) and spectral materi-
als (for the ray tracer, see below). These methods can also affect 
the orientation and position of the turtle, i.e. its state, which is 
then kept for when it visits the next node in the graph. For sim-
plicity, VPL offers multiple methods to modify the state of the 
turtle as well as generate the 3D meshes corresponding to com-
mon geometry primitives.

The turtle approach allows defining geometry locally, such as 
the angle of a leaf being specified relative to the branch it con-
nects to rather than the horizontal plane, and the final geome-
try being generated will depend on the topological connections 
among nodes and the changes in the state of the turtle. This 
allows modelling complex plant architecture as an emergent 
property of simpler local geometry.

The generated 3D meshes alongside colour and material 
objects are stored in a scene object which can then be used 
for ray tracing or visualization. In addition to generating these 
scenes from graphs, it is also possible to generate those 3D 
meshes directly and add them to an existing scene, alongside 
corresponding colour and material objects. This is particularly 
useful when adding a soil layer to be able to simulate soil reflec-
tance, or more complex environments such as the structure of 
a greenhouse compartment (Buck-Sorlin et al. 2011). VPL also 
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allows exporting these 3D meshes into common file formats (e.g. 
PLY or OBJ) as well as importing them and we have successfully 
used exported 3D meshes for 3D printing. Special methods are 
offered by VPL to scale and rotate imported meshes so that they 
can be used more easily in the context of a model.

One additional feature that has been included in VPL is the 
ability to generate different 3D meshes and/or colour and mate-
rial objects within the same simulation. Possible cases include: 
(i) different degree of geometric detail for visualization and ray 
tracing, (ii) removing some of the structure for specific visuali-
zations, (iii) different ray tracers and therefore material objects, 
or (iv) visualizing the same scene with different colour schemes 
that map to properties stored in the nodes of the graphs. The lat-
ter allows 3D visualization to be used for the purpose of display-
ing organ properties like nitrogen content or absorbed light.

2.1.3 Light interception (ray tracing ).
In general, VPL only focuses on the algorithms and data struc-
tures that are specific to topology and structure in FSP model-
ling rather than on the functionality of said models, which the 
user can implement using a range of packages in Julia. However, 
the calculation of light interception by plants at the level of indi-
vidual organs or below is sufficiently complex that VPL comes 
with a solution for it. Several algorithms have been used in the 
past to model light interception by 3D plants, including ray trac-
ing (Cieslak et al. 2008; Wang et al. 2017; Bailey 2018), radiosity 
(Chelle and Andrieu 1998), and rasterization (Vezy et al. 2020). 
In its current iteration, VPL offers a ray tracing algorithm.

The ray tracer within VPL allows for multiple wavelengths or 
wavebands to be simulated simultaneously, using the method 
proposed by Cieslak et al. (2008). VPL does not make any 
assumptions about which wavelengths are being simulated, 
nor the physical units in which light is expressed. Multiple light 
sources are available (point, line, area, and directional) and sev-
eral spectral materials are offered (black, Lambertian, Phong, 
and sensors that register light but do not affect it). New materi-
als and light sources can be user-defined without modifying the 
source code of VPL, ensuring versatility.

The ray tracer may run in parallel across multiple cores, it is 
stochastic (different pseudo-random number generators may be 
used) and employs the Russian roulette mechanism proposed by 
Cieslak et al. (2008) to avoid errors in the energy balance when 
terminating rays. The intersection between rays and triangles 
is accelerated by creating a bounding volume hierarchy on the 
triangular meshes using surface area heuristic (MacDonald and 
Booth 1990). This ensures that a minimum number of triangles 
need to be tested against each ray, reducing the overall compu-
tational cost.

Often, FSP models are approximating a canopy, whether 
growing in the field or under controlled conditions. In such cases, 
simulating hundreds of individual plant is often not feasible, so a 
smaller plot is typically modelled, although such downsizing can 
result in boundary effects when calculating light interception. To 
avoid this, the ray tracer of VPL implements a grid cloner based 
on the notion of graphics instancing (Marschner and Shirley 
2018), similar to the modelling framework GroIMP. This is an 
approach that emulates copying the scene a number of times 
along the different coordinate axes (horizontally or vertically). 

However, to avoid excessive memory consumption and com-
putation from actually copying the meshes, graphics instancing 
will instead modify the origin of the ray being traced as if that 
ray was entering a neighbouring clone of the scene. Note that 
the location of the virtual clones does not necessarily match the 
bounds of the scene, but rather it would be related to the spacing 
between plants. This means that the situation in which neigh-
bouring plants overlap is captured correctly by graphic instanc-
ing as opposed to, for example, periodic boundaries.

2.1.4 Visualization (rendering ).
VPL offers the possibility to render graphs (in 2D) and the 3D 
scenes generated from graphs and/or manually. For 3D scenes, 
it is also possible to render some of the elements used in the ray 
tracer, such as bounding boxes and light sources. Scenes can be 
rendered using a variety of backends from the Makie Julia pack-
age. In fact, VPL will return a data structure created by Makie 
which can be further modified by the user, so all the features in 
said package will be available for visualizations in VPL.

As of the time of writing, these backends include OpenGL, 
WebGL, and Cairo. The latter can only generate static vector 
graphics so it is not useful for exploration of 3D scenes but it will 
work on headless systems that have no support for 3D graph-
ics, and generally produce highest-quality plots for publications. 
The OpenGL and WebGL backends allow interacting with 3D 
scenes (rotation, panning, and zooming) and 2D scenes (pan-
ning and zooming). WebGL is useful when running VPL in a 
web context such as Jupyter notebooks whereas OpenGL is the 
preferred option for local simulations. For OpenGL and WebGL 
backends, it is possible to export snapshots of the scene and cre-
ate animations with scripted cameras.

Graph visualization will use a default node label (based on 
the type and internal node id) and colour. However, the user 
can edit these properties for each type of node. In the case of 
3D scenes, it is possible to visualize the wireframe pattern of the 
meshes (i.e. the edges of all the triangles) as well as the normal 
vectors for each triangle.

2.2  Future roadmap
VPL is in constant development as new features are added to 
address the needs of the FSP modelling community. We do have 
the following roadmap which determines the current priorities 
for further development of VPL:

•	 Compatibility with MTG. There is currently a Julia imple-
mentation of MTG [the MultiScaleTreeGraph.jl package 
(Vezy 2023a)] which will serve as a starting point. Our 
aim is to be able to merge our current paradigm for graphs 
with the multiscale nature of MTG by adding new types 
of edges between nodes and adjusting the graph construc-
tion algebra. We expect this will make VPL more useful for 
simulations of larger, more complex plant structures (e.g. 
mature trees), especially when the simulation is initialized 
at an advanced stage of development. It may also be advan-
tageous to have an explicit mechanism for storing data at 
different scales within the plant.

•	 Additional algorithms for light interception based on pre-
vious efforts. This is intended to reduce the computational 
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cost of simulating the distribution of light within canopies 
in scenarios where the degree of realism that ray tracing 
ensures is not required. We note that the usual shortcuts 
that are used to reduce the computational burden of ray 
tracing (e.g. reduce the number of rays, coarse meshing 
of plant structure, coarse integration over the day, etc.) 
introduce numerical errors in the calculations of daily can-
opy photosynthesis [see Kent and Bailey (2021) for an 
example] in which cases faster, simpler approaches may be 
justified.

•	 Mapping graphs to systems of ordinary differential equa-
tions (ODEs) for the purposes of simulating internal 
transport, such as for plant hydraulics, assimilate flow, 
hormonal signals, etc. Julia already offered state-of-the-art 
support for ODE systems, and there already examples of 
deriving ODE models from graphs, such as the package 
NetworkDynamics.jl (Lindner et al. 2021).

•	 Interface between the 3D structure of plants with grids 
to simulate plant–environment interactions beyond light 
(e.g. temperature profiles within a canopy, soil water and 
heat transport, etc.). This would be achieved by slicing 
the scene along one or more axes and identifying the 
structural components in each of the resulting layers or 
voxels, both above and belowground. This could then 
be used to aggregate fluxes and surface properties from 
the plants as inputs to models of environmental physics. 
This would lead to novel hybrid approaches, such as a 
soil–vegetation–transfer model where the vegetation is 
replaced by an FSP model.

2.3  Implementation
VPL is implemented as a series of packages written entirely in 
Julia. In this section, we first justify why Julia is an appropriate 
choice for an FSP modelling framework. Then, we give an over-
view of how VPL is implemented in its current iteration, with 
an emphasis on the public API that users will make use when 
building models with VPL, as the internal details may change 
over time.

2.3.1 Why Julia?
By using just-in-time compilation and a sophisticated system for 
code specialization, Julia achieves high performance while still 
being dynamic and highly interactive (Bezanson et al. 2017). 
That is, Julia breaks the ‘two language’ paradigm that asserts one 
must choose between slow, dynamic, interactive languages (e.g. 
Python, R, or Matlab) and fast, compiled, static languages (e.g. 
C, C++, Fortran, or Java). In simple terms, Julia offers the con-
venience of Python but also the speed of C++.

By being implemented 100% in Julia and using common 
data structures, VPL is compatible with existing Julia pack-
ages to perform any modelling, simulation, or visualization 
task beyond those specific to FSP modelling. For example, if 
the user needs to make use of a particular numerical method 
(e.g. ODE solver), import or export data, or visualize the data 
generated by a simulation, they can choose any of the exist-
ing Julia packages to perform that task. Furthermore, Julia is 
highly interoperable with Python and R, so they can also use 

packages and code written in those languages from within 
their Julia scripts.

As VPL is written in Julia and supports multiple graphic back-
ends, it is possible to execute VPL code in many different con-
texts such as (i) remote servers without graphics support; (ii) 
interactive computational notebooks such as Jupyter (Kluyver 
et al. 2016), Quarto (Allaire et al. 2022), or Pluto (van der Plas 
et al. 2023); (iii) IDEs that support Julia such as Visual Studio 
Code; or (iv) simply by copying code into a terminal. Julia also 
supports Linux, Windows, MacOS, and FreeBSD operating 
systems.

Julia and, by extension, VPL are also designed from the begin-
ning for collaborative projects and code reuse. This implies 
favouring a decentralized, functional approach to program-
ming, as opposed to the more traditional approach of build-
ing large software structures with complex class hierarchies. 
This philosophy has been followed in the development of VPL 
by (i) reusing existing Julia packages that implement specific 
functionalities and (ii) allowing users to modify the function-
ality of VPL as much as possible without touching the source 
code. Furthermore, we have split the implementation of VPL 
into multiple packages such that future collaborators can focus 
on specific aspects of FSP modelling. This approach to software 
design lowers the entry barrier for advanced users to become co- 
developers of VPL, favouring the longevity and sustainability of 
the software.

The internal structure of VPL and the lack of deep hierar-
chical classes, following Julia’s paradigm of multiple dispatch, 
makes it easier for users to define their own turtle commands, 
surface materials, and even light sources, as they simply need 
to inherit from one abstract type and define a few methods 
per data type.

2.3.2 Overview of VPL and the VPLverse.
VPL is currently implemented as a GitHub organization com-
prised of:

•	 Five core packages that implement the basic functionality 
of the modelling framework (VPLcore)

•	 An interface package (VirtualPlantLab.jl) that exports the 
public API users are meant to use

•	 Four auxiliary packages that further aid in building and run-
ning FSP models (VPLverse)

•	 A collection of tutorials with examples of FSP models illus-
trating different features

•	 A website that collects all the documentation regarding 
VPL

The different repositories and packages are grouped into two 
sets (Fig. 1). Firstly, the core packages plus interface that form 
VPL as described in the above. Secondly, auxiliary packages and 
repositories that complement VPL and meant to be used with it, 
which we denote as the VPLverse.
The five core packages implement the basic data structures and 
algorithms required to build an FSP model:

•	 PlantGraphs.jl: A dynamic graph rewriting system where 
user-defined objects are stored in each node and these 
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nodes can be queried and replaced by sub-graphs through 
dynamic production rules (see Section 2.1.1).

•	 PlantGeomPrimitives.jl: A collection of 3D primitives 
implemented as triangular meshes stored in a scene for the 
purpose of visualization and ray tracing.

•	 PlantGeomTurtle.jl: An implementation of turtle algo-
rithms that can generate 3D meshes from graphs represent-
ing the topology and structure of individual plants.

•	 PlantRayTracer.jl: A physics-based forward Monte Carlo 
ray tracer for the purpose of computing light interception 
by individual plants under field or controlled growth con-
ditions. The ray tracer is multithreaded and uses bounding 
volume hierarchies.

•	 PlantViz.jl: 3D rendering of scenes based on the different 
backends of Makie.jl

The VPLverse also comprises the following packages:

•	 SkyDomes.jl: A package that generates light sources 
approximating the distribution of solar radiation in the sky 
(according to the CIE standards) as well as other variables 
related to solar geometry, daylength, etc.

•	 Ecophys.jl: Data structures and functions to simulate dif-
ferent ecophysiological processes, with an emphasis on 
short-term and long-term responses to aboveground envi-
ronment (e.g. photosynthesis, transpiration, energy bal-
ance, phenology).

•	 PlantSimEngine.jl: Simulation engine for dynamic,  
process-based models (Vezy 2023b). It handles model 
coupling, time stepping, and propagation of physical units 
or measurement errors through simulations. The package 
focuses on multiscale simulation and modelling of plants, 
soil, and atmosphere in interaction. It provides a user-
friendly framework for defining processes and implement-
ing associated models. With an emphasis on ease of use and 
high-performance computations, PlantSimEngine facili-
tates model coupling and modelling across different scales, 
from leaf-level simulations to entire scenes. Additionally, it 

supports various computation methods, including sequen-
tial, parallel, and distributed approaches.

•	 PlantBiophysics.jl: A package to simulate biophysical pro-
cesses for plants such as photosynthesis, conductance for 
heat, water vapour and CO2, latent, sensible energy fluxes, 
net radiation, and temperature. It leverages PlantSimEngine 
to declare the processes and implement the models, allow-
ing for fast computations, i.e. just a few microseconds for 
the whole energy balance, photosynthesis, and conduct-
ance coupling. This simulation speed makes it suitable for 
both model calibration and simulation tasks.

3.   E X A M P L E : I N T E RCRO P P I N G  O F  CE R E A L 
A N D  L EG U M E S

FSP models are a valuable tool to dissect and analyse the 
intricate interactions between plants of different and the 
same crop species (Evers et al. 2019; Gaudio et al. 2019). 
Therefore, to illustrate the possibilities of VPL, we imple-
mented a model of an intercrop system composed of two 
species. The simulated plants represent typical cereal and leg-
ume crop species, though no formal calibration or parameter-
ization was done. While this model provides a foundation for 
further development and research to address agroecological 
or plant physiological questions, exploring these possibilities 
is beyond the scope of the current paper. Instead, the focus is 
on providing a comprehensive model description and 3D vis-
ualizations of its structure, rather than addressing a particu-
lar research question or making predictions about a real crop 
system. The current model is inspired by and builds upon the 
model presented by Evers and Bastiaans (2016) . The full 
source code can be found at https://git.wur.nl/david.kottel-
enberg/fspm_vpl_dk/-/tree/BASIC_CEREAL_LEGUME 
and it consists of several files in the Julia programming lan-
guage (implementing the model) and JSON files (represent-
ing the parameters for the different crop species).

Intercropping, the simultaneous cultivation of different 
crop species on the same land, has potential benefits, including 
increased yields (Li et al. 2020b) and resource-use efficiency 
(Chen et al. 2018; Franco et al. 2018), and reduce weed biomass 
(Gu et al. 2021) when compared to sole crops. A commonly 
employed intercropping system is cereal–legume row replace-
ment intercropping, featuring alternating rows of cereals and 
legumes (Naudin et al. 2009; Bedoussac et al. 2014; Kermah et 
al. 2017) (Supplemenry Fig. S1.1). Intercropping is an exam-
ple of a heterogeneous canopy, which promotes canopy niche 
differentiation, potentially resulting in enhanced light capture 
(Brooker et al. 2015; Li et al. 2020a; Homulle et al. 2021). In 
response to these environmental cues, plants adapt their growth 
and developmental strategies to anticipate competition for 
resources. For instance, cereal plants adapt their elongation rate 
and tiller production in response to the red-to-far-red light ratio 
(R:FR ratio), mitigating shading effects (Ballaré and Casal 2000; 
Evers et al. 2006; Franklin 2008). Furthermore, the competitive 
balance between the component crop species plays a crucial role 
in intercrop dynamics, as a dominant species may suppress its 
companion crop (Hauggaard-Nielsen et al. 2008). Such complex 

Figure 1. Organizational structure of VPL. The VPLcore includes 
the interface and five packages that integrate the basic functionality 
of VPL. Aside from the VPLcore, the VPLverse also includes other 
packages that are useful for the development of FSP models. All 
packages are suffixed with ‘.jl’ as is customary in the Julia community.
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interactions make intercropping an interesting case study for an 
FSP model.

3.1  Model description
This FSP model simulates, at a daily time step, the growth, devel-
opment, and architecture of a cereal and a legume grown in the 
same field. The model describes each individual plant separately 
and plant-to-plant interactions occur via shading and changes to 
the light quality.

At the start of a simulation, a FieldBase object is created, 
to store field-level variables at every time step (Fig. 2), which is 
part of the model output. Each plant is represented by a Graph 
object and the nodes represent either geometric transformations 
required by the turtle graphics approach or organs (with asso-
ciated geometry and internal variables). In addition, plant-level 
data are stored within each graph inside a PlantBase object. 
Information stored in PlantBase is used for plant growth, 
development, and visualization, as well as model output. The 
simulation output is comprised of the FieldBase object and 
an array of Graph objects (with their respective PlantBase 
objects), which are saved for every simulated day. This allows 
retrieving all the information generated during a simulation at 
any point, as well as restart any simulation at any point.

Six types of organs are defined: meristem, internode, leaf, 
root, flower, and fruit. Organs are characterized by different 
variables (organized in different objects) depending on their 
function (Fig. 2). All organs contain general organ informa-
tion in an OrganInfo object, organs that can grow (i.e. all 
organs except the meristem) contain growth parameters in a 
GrowthVars object, and organs that can photosynthesize 
(i.e. internode and leaf) contain photosynthesis parameters in a 
PhotosynthesisVars object.

In the following sections, we highlight the main aspects of the 
model regarding development and growth with an emphasis on 
how we can make use of different features in VPL. More details 
regarding the model can be found in Supplementary Data 2.

3.1.1 Development.
A new plant starts with a meristem representing the seed. This 
meristem will produce phytomers over time which represent 
the basic unit of structure of the aboveground part of the plant. 
A phytomer comprises of an internode, a leaf with an insertion 
angle of 50°, and a dormant lateral meristem or bud with an 
insertion angle of 40°. Phytomers are arranged in a spiral pattern 
with a rotation angle of 137.5°. Leaf appearance (phyllochron) in 
cereals is delayed in relation to the leaf initiation rate at the apex, 

Figure 2. Diagram describing model structures and organization. The simulated field contains a FieldBase object and an array of plants. Each 
plant is represented by a Graph object containing a PlantBase object and nodes. There are two types of nodes: Turtle movement nodes and 
Organs. Organs can be one of the following node objects: Meristem, Internode, Leaf, Roots, Flower, or Fruit. The model defines various 
objects for organ variable storage. Organs may contain one or multiple objects, depending on their functionalities. The specified objects 
include: OrganInfo (storing general organ variables), GrowthVars (storing growth variables), and PhotosynthesisVars (storing photosynthesis 
variables).
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and set to 90 °Cd per phytomer rank, during which they only act 
as a sink without active growth. Legume phyllochron is the same 
as the plastochron, i.e. no delay (see below).

Development of new organs is described by a graph rewriting 
rule that transforms meristems into new phytomers followed by 
this same meristem at fixed thermal time intervals (i.e. a plas-
tochron of 45 °Cd and 50°Cd for cereal and legume, respec-
tively). The rule is as follows (we have removed the parameters 
of each object for clarity):

M → I + (L,B) +M, (1)

where M is a meristem, I is an internode, and L and B represent a 
leaf and bud, respectively. In the model, this rule is implemented 
as
p r o d u c e _ p h y t o m e r _ r u l e   =   R u l e ( M e r i s t e m , 
rhs = produce_phytomer),

where produce_phytomer is a function that takes as 
input each Meristem object that will be replaced and returns a 
replacement graph. In this case, it will produce a graph represent-
ing a phytomer. Such graph starts with an Internode object 
and has three children of type Leaf, Bud, and Meristem but 
only when the plastochron requirement is met. This rule could 
also have been implemented as:
produce_phytomer_rule = Rule(Meristem, lhs = select_phy-
tomer, rhs = new_phytomer),

where select_phytomer would take the Meristem 
object as input and check whether the plastochron require-
ment is met or not (return a Boolean, i.e. true or false), and 
then new_phytomer would always produce the phytomer. 
In this variant, the new_phytomer is only invoked when 
select_phytomer returns true. This approach would be in 
better agreement with canonical L-systems but both variants are 
valid in VPL and lead to the same results, highlighting the flexi-
bility on graph rewriting in VPL.

Another (potential) advantage of the graph rewriting system 
in VPL is that the left-hand and right-hand side of a production 
rule can be implemented as functions in a procedural manner. We 
believe this may make it easier to implement relatively complex rules 
without having to learn a new mathematical syntax. For example, 
the produce_phytomer function mentioned above is imple-
mented as 130 lines of code as we wanted to account for the differ-
ent stages of development and the different species in the model 
within a single rule (see source file Rules.jl in the Git repos-
itory). Implementing production rules as functions may also help 
with debugging of models and reuse of code.

3.1.2 Photosynthesis.
The growth dynamics in this model are based on the supply 
(source) of and demand (sink) for assimilates, after deduction 
of plant maintenance respiration. Full details on these processes 
are provided in Supplementary Data 2, but here we emphasize 
how the supply of assimilates is computed from light absorption 
and photosynthesis.

Plants gain assimilates through photosynthesis driven by radi-
ation absorption and other environmental conditions. Because 
light varies during the day and photosynthesis responds to 
this in a non-linear fashion, a proper integration of the diurnal 

variation in photosynthesis is required. We chose to perform 
this integration using a 10-point Gaussian rule (different options 
are available in Julia, including adaptive integration methods). 
This means that light absorption is computed at 10 different time 
points throughout the daytime.

Light interception is also important for morphogenetic processes 
such as tillering or shade avoidance responses which respond to light 
quality in addition to quantity. For that reason, the ray tracer allows 
to simulate different wavebands simultaneously. In the model, 
we choose to simulate photosynthetic active radiation (PAR) 
(400–700 nm), red (600–700 nm), and far-red (701–750 nm), 
all of them expressed in µmol m−2 s−1. PAR is used for computing 
photosynthesis, whereas the other two wavebands allow us calcu-
lating the red:far-red ratio use to drive some of the morphological 
responses (see Supplementary Data 2 for details). Each type of the 
organ in the crops (as well as the soil) is assigned optical properties 
with the transmittance and absorptance at each of these wavebands 
(Supplementary Table S2.1). In all cases, we assumed Lambertian 
surfaces (i.e. perfect diffusers). This is a limitation as the optical prop-
erties of leaves are more complex as light may partially be reflected 
specularly off leaves. VPL offers the framework to extend this model 
and includes a Phong model as alternative (Lafortune and Willems 
1994), but users can also implement their own bidirectional reflec-
tance/transmittance functions if they wish to do so. These optical 
properties are bundled in Material objects, which will also keep 
track of the light absorbed by the surface it is assigned to.

Light absorption also varies within the canopy due to 
self-shading and scattering and, for the same reason as for tem-
poral variation, a proper spatial integration is required. This is 
achieved in the model by (i) dividing each sub-organ into multi-
ple triangles and (ii) by assigning a separate Material object 
to each triangle. This allows keeping track of the light absorbed 
by each triangle separately which is then used as input for cal-
culating photosynthesis which is then aggregate to the organ, 
plant and canopy level. The photosynthesis model for C3 spe-
cies by Yin and Struik (2009), was used, as implemented in the 
Ecophys.jl package.

The final component to properly calculate light absorption in 
the field is to simulate the distribution of light in the sky. A ray 
tracer requires discrete light source, which is in this case would 
be implemented as parallel rays of light with specific azimuth and 
zenith angles (i.e. Directional light sources in VPL). Other 
light sources are offered in VPL to emulate artificial lights (e.g. 
in greenhouses or vertical farming) but that was not needed in 
this example.

The more complex step is to ensure that the distribution of 
light sources approximates the natural distribution of light. To 
facilitate this, we created the SkyDomes.jl package that will 
implement several models of angular light distribution in the sky. 
We distinguish between diffuse and direct light. The former is 
implemented as a hemispherical dome of light sources (param-
eterized by the number of subdivisions along the zenith and 
azimuth angle), whereas direct light is implemented as a single 
light source. The angles for the direct light source are computed 
from classic equations of solar trajectory that are common place 
in crop and FSP models. For the diffuse light, we implement all 
the CIE standards as well as classic standard clear and overcast 
skies (Moon and Spencer 1942).
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For example, a dome of diffuse light with intensity of 1 with 
108 light sources (12 zenith divisions and 9 azimuth divisions) 
using a standard overcast sky can be generated as follows:

dome_diff = sky(scene,
            Idir = (0.0, 0.0, 0.0),
            Idif = (1.0, 1.0, 1.0),
            nrays_dif = 10_000_000,
            sky_model = StandardSky,
      �      dome_method = equal_solid_ 

angles,
            ntheta = 9,
            nphi = 12)

where scene is a Scene object created from all plant 
graphs, Idir and Idif are arrays representing the direct and 
diffuse radiation intensities, respectively, at the three different 
wavebands mentioned above, nrays_dif indicates that 20 
million rays will be used to compute diffuse light absorption (to 
be distributed across all light sources), and the rest of arguments 
define the sky dome. Note that by specifying Idir = (0.0, 
0.0, 0.0), we ensure that we only generate the diffuse light 
and not the direct light.

In VPL, it is possible to specify multiple sky domes and run 
the ray tracer for each dome separately. We find this useful as the 
spatial distribution of diffuse light in typical FSP models does 
not change during the day so that only has to be computed once 
(for a value of 1 which than later be scaled according to the diur-
nal curve of diffuse light). This then allows to only run the ray 
tracer for direct light at different times of the day, using a dome 
such as:

dome_direct = sky(scene,
      �      Idir = (direct_PAR, direct_

red, direct_farred),
            nrays_dir = 100_000,
            Idif = (0.0, 0.0, 0.0),
            theta_dir = theta,
            phi_dir = phi)

where theta and phi (zenith and azimuth angles) and the 
intensities of direct PAR, red light, and far-red light are calcu-
lated from day of year, latitude, and time of day using auxiliary 
functions from SkyDomes.jl. Being able to separate the ray trac-
ing for diffuse light (once per day) and direct light (several times 
per day) allows reducing the computational burden of running 
a ray tracer by avoiding redundant calculations. Please see the 
source file Photosynthesis.jl for more details.

It is also possible to customize the settings of the ray tracer 
itself via the function RTSettings and accelerate, 
such as whether to use the grid cloner or not (and how many 
clones to generate), whether to run the ray tracer in parallel 
across multiple cores, the type of acceleration structure, or 
the parameters of the Russian roulette. For example, in our 
model we used:

settings = RTSettings(pkill = 0.9,
                        maxiter = 5,

                        nx = 5,
                        ny = 5,
            ��            parallel = true)

acceleration_struct = accelerate(scene,
            �            settings = 

settings,
            �            acceleration = 

BVH,
            �            rule = SAH{6}(5, 

15))

where pkill is the probability that a ray is terminated by the 
Russian roulette after it has been scattered a maxiter number 
of times, nx and ny indicate how many times the grid is cloned 
in the x and y direction (to avoid edge effects), parallel indi-
cates whether multiple threads can be used in parallel to speed up 
the ray tracing, BVH standing for Bounding Volume Hierarchy 
as the acceleration structure, and SAH stands for Surface Area 
Heuristics as the rule to split triangles into different bounding 
volumes (see VPL documentation for more details).

Everything is bundled into a ray tracing object and the actual 
ray tracing is performed with the function trace!:

ray_tracer_object = 
RayTracer(acceleration_struct, mate-
rials(scene), dome, settings)
trace!(ray_tracer_object)

In our simulation, we run the ray tracer 11 times per day, one 
using the dome for diffuse light (with 10 million rays) and 10 
times using a direct light dome for a different time of the day 
(with a hundred thousand rays each) for a total of 20 million rays 
per simulated day. From this, we compute the photosynthesis of 
each triangle, sub-organ, plant or canopy at each time of the day.

3.2  Visualization framework and application
3.2.1 Geometry construction and the

feed! function. When a scene is constructed using one or more 
Graph objects representing plants, the feed! function is 
called on the graph. Each type of object used in the graph (i.e. 
either operators for turtle movements or user-defined objects 
such as the ones in Fig. 2) defines its own method for the feed! 
function. The result of calling feed! on the graph is that it will 
visit every node in the graph and call the corresponding feed! 
method on each node (depending on the type of data stored in 
it). The different feed! methods are then responsible for gener-
ating 3D meshes corresponding to the different organs and feed-
ing them to the turtle (hence the name) that will keep track of 
all these meshes. These methods can also alter the position and 
orientation of the turtle as it traverses the graph.

For example, the feed! method for an Internode object 
is implemented as follows:

function PlantGeomTurtle.feed!(tur-
tle::Turtle, i::Internode, data)
 sp = data.species_parameters
 color = get_color(i, turtle.mes-

sage, data)
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 HollowCylinder!(turtle,
                    length = i.length,
                    height = i.width/2,
                    width = i.width/2,
                    move = true,
          �          colors = 

R G B A ( c o l o r [ 1 ] , 
color[2], color[3], 
color[4]),

          �          materials = i.
material)

 return nothing
end

where the Turtle object contains the position and ori-
entation of the turtle. The internode is constructed using the 
HollowCylinder! function, which defines its dimen-
sions (length, height, width), colour (for visualization), and 

Figure 3. Duration of a simulated day in the model (in seconds) plotted against simulation DAE across 10 simulations, with a logistic curve 
fitted to the data.

Figure 4. Leaf area index (A) and aboveground biomass (B, g m−2) for cereal and legume in the simulated intercrop. The shaded area indicates 
the standard deviation.
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optical properties (materials, for ray tracing) stored in 
the Internode object. The move argument indicates whether 
the turtle should move to the end of the newly created geom-
etry after constructing the mesh or remain at its current 
position. The get_color function is an user-defined 
function that chooses the colour to be assigned to the organ 
based on the Turtle message (see Supplementary Data 2). 
This allows different visualizations of the same scene and to 
link the 3D visualizations of the same scene (see below for 
details).

3.2.2 Performance benchmarking.
To test the current model, we benchmarked a cereal–legume 
intercrop with alternating rows of cereal and legume plants. 
Densities were set at 240 cereal plants m−2 and 64 legume plants 
m−2 field area. Row distances were set at 0.125 m and plot size 
remained constant at 2.0 × 0.5 m in all simulations. To mitigate 
border effects, plots were cloned five times in every cardinal 
direction (with the VPL built-in grid cloner, see code snippet on 
RTSettings above), resulting in a field with 11 × 11 clones 
of the original plot. The ray tracer was setup with 20 million total 

Figure 5. Render outputs with colours based on fraction of light captured. (A) Field render output of the normal density cereal–legume 
intercrop treatment at 100 DAE. (B) Rendering of a single cereal and legume plant from the field in (A). (C) Partial view of the field in (A), 
featuring only two rows, with cereal organs having a cumulative phytomer number exceeding six rendered transparent to enhance visibility of 
the upper sections of legume plants.
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rays which in our experience is more than sufficient to ensure 
reasonable integration errors in the calculation of crop growth.

We tested our model on a system equipped with an AMD 
Ryzen Threadripper 7980X processor, utilizing all 64 physi-
cal cores (128 threads) for 64 GB of available RAM. Based on 
an average of ten runs, simulation runtimes ranged between 
1:54:30 and 2:05:06 (h:m:s). The runtime per simulated 
day increased with time after emergence, following a logistic 
pattern, plateauing once phytomer creation ceased for cere-
als and leaves began senescing (Fig. 3). Runtime variance 
increases as a simulation progresses, likely driven by small 
stochastic differences early in the simulation that amplify 
over time. Using a profiler, we measured that the ray tracer 
accounted for over 99.9% of the total runtime, clearly identi-
fying it as the primary bottleneck in the simulation process. 

This may explain the logistic pattern we saw in runtime, as 
the time it takes to construct the 3D meshes and ray trace 
them scales with the number of foliar elements and therefore 
simulated leaf area. These results indicate that improving the 
performance of the ray tracer is likely to greatly improve the 
runtime of FSP models built with VPL. Further development 
of VPL will explore the possibility of accelerating the ray 
tracer with the use of GPUs and optimizing the number of 
rays needed for different levels of accuracy in simulations.

Although our model is not calibrated to field data, the spe-
cies parameters are roughly based on triticale and faba bean. 
Our model simulates crop behaviour with outputs that real-
istically reflect the growth characteristics of these species. The 
simulated legume leaf area index (LAI; leaf area per unit field 
area) approaches 6.0 before declining (Fig. 4A), similar to values 

Figure 6. Individual cereal plants rendered from a fully simulated field at 40 DAE, based on organ red:far-red ratio (neighbouring plants 
removed for visualization purposes). (A) A cereal plant from the cereal–legume treatment. (B) A cereal plant from the high-density cereal sole 
crop treatment. (C and D) The same plants as in (A) and (B) respectively, but with organs having an R:FR ratio exceeding 0.4 removed for 
visualization purposes.
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found for faba bean in sole crops at 35 plants m−2 (Ebrahimi et 
al. 2024). This is roughly half of our legume density of 64 plants 
m2, making the comparison valid despite the different planting 
systems. Cereal LAI approaches 4.5 (Fig. 4A), comparable to 
triticale in sole crops at about 62% of our density, suggesting 
a realistic comparison between our intercrop and monocrop 
systems (Nielsen et al. 2012). Aboveground biomass reaches 
800 g m−2 for the cereal and 300 g m−2 for the legume (Fig. 4B), 
which aligns with values reported for various cereal–faba bean 
intercrops (Lithourgidis and Dordas 2010). The zig–zag pattern 
in the legume lines in both figures results from leaf senescence, 
which lacks significant stochasticity in this model, causing rela-
tively drastic decreases in the variables.

3.2.3 Visualization flexibility.
The render function creates a visualization of the whole scene 
using the colours assigned within the feed! methods. VPL 
allows for different visualization of the same graphs by using 
a message passed to these feed! methods. In our model, 
we linked the colours to specific plant characteristics using an 
ad-hoc function get_color (see Supplementary Data 2):

•	 Radiation capture: Darker greens indicate reduced radia-
tion interception.

•	 R:FR ratio: Redder organs represent lower red:far-red light 
ratios.

•	 Selective visualization: Filter organs above or below a given 
phytomer rank or R:FR threshold.

These visualization features enable intuitive exploration of 
plant competitiveness in intercrops. At 100 days after emergence 
(DAE), the canopy exhibits a distinct gradient of radiation cap-
ture along its height (Fig. 5A). Cereal plants appear brighter than 
legume plants, reflecting their superior radiation capture, par-
ticularly at the top of the canopy (Fig. 5B). To enhance visibility 
of legume plants’ upper sections, the visualization can filter out 
cereal phytomers with a rank exceeding six from the plant base, 
focusing on two rows of the rendered field:

scene = Scene(field[2], message = 
[“light_capture”, “remove_upper_
phyt”, “6”, “cereal”])
display(render(scene))

where field[2] contains the plant Graph objects, and 
the message (to be processed by the function get_color) 
indicates green colouring based on light capture, with cereal 
phytomers above rank 6 removed (Fig. 5C). This highlights how 
taller legume plants capture more light, shown in their brighter 
tops compared to shorter legumes. Such visualizations showcase 
VPL’s capability for nuanced 3D rendering.

Additionally, R:FR ratio-based visualizations offer insights 
into early plant responses to competition. Unlike light capture, 
which directly indicates absorbed light, R:FR ratio serves as an 
early indicator of potential shading. Plants detect reduced R:FR 
light reflected from neighbours before shading occurs. For exam-
ple, visualizations comparing R:FR ratios at 40 DAE under con-
ditions of low and high competition illustrate these differences. 

Under lower competition, cereal plants exhibit lighter-coloured 
organs (Fig. 6A), whereas under higher competition, darker- 
coloured organs predominate (Fig. 6B). By further restricting 
visualization to organs with an R:FR ratio below 0.4, differences 
become even more pronounced, e.g.:

scene = Scene(field[2], message = 
[“rfr”, “remove_rfr_above”, “0.4”, 
“cereal”])
display(render(scene))

From this visualization, we see that in low-competition 
conditions, no leaves fall into this category (Fig. 6C), whereas 
high-competition conditions show several such leaves (Fig. 6D).

3.3  Concluding remarks
With this example, we demonstrated that VPL is suitable to sim-
ulate intercrops using FSP modelling, and it can capture many 
of the plant–environment interactions including photosynthe-
sis, red:far-red ratio, or competition among plants for light. The 
advanced visualization system in VPL is particularly useful for 
gaining insights into the simulations, whereas the inclusion of a 
ray tracer allows for general purpose simulation of light intercep-
tion without restrictive assumptions about the system. We are 
currently extending the intercrop model to account for roots and 
microclimate and further developing VPL in parallel to ensure 
that such type of modelling is also well supported.
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DATA  AVA I L A B I L I T Y
All code is freely available on a standard MIT license (no need 
to contact the authors). All source code for the Virtual Plant 
Laboratory is hosted in the following GitHub organization: 
https://github.com/VirtualPlantLab. The source code for the 
model presented as example can be found here: https://git.
wur.nl/david.kottelenberg/fspm_vpl_dk/-/tree/BASIC_
CEREAL_LEGUME. For instructions on installation, we refer 
to the official website (which contains additional examples with 
their source code): https://virtualplantlab.com.
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