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Abstract  

Modern agriculture must sustain high productivity while reducing its environmental footprint. Two 
promising strategies are the use of perennial grain crops, which provide ecosystem benefits such as 
deep roots and reduced soil erosion compared with annual crops, and intercropping, which can 
enhance resource-use efficiency through species complementarity. Their combination, perennial 
grain intercrops, has strong potential for sustainable intensification, although possibly at the cost of 
reduced yields. This potential tradeoff between sustainability gains and yield penalties, as well as 
the performance of such systems under climatic conditions, remain largely unexplored. Process-
based crop models offer a way to assess the benefits and drawbacks of such cropping systems under 
varying climatic and management conditions, yet no existing model fully captures their unique 
dynamics. This essay reviews 15 modeling studies on mixed cropping systems, including 
intercropping, that involve perennials, although not necessarily grain crops, and identify which 
models include descriptions of the key components necessary to describe perennial grain intercrops: 
light and soil resource competition, rooting depth, soil carbon–nitrogen cycling, overwintering, and 
regrowth after winter. I show that, while most models include the core mechanisms needed for 
perennial intercropping, their implementations fall short for perennial grains. In particular, root 
dynamics, deep-soil resource feedbacks, survival over winter, and the dual-use allocation trade-off 
between grain and biomass remain poorly represented. Addressing these limitations requires 
integrating dynamic sink functions and multi-year root dynamics into existing process-based 
frameworks. Overcoming the current data bottleneck through a targeted, iterative experimental and 
modeling approach will unlock the full potential of these tools to design resilient, sustainable 
perennial grain intercropping systems. 
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1. Introduction 

Global food production is under increasing pressure to change. While modern 
agriculture has achieved remarkable productivity gains, this progress has often 
come at high environmental costs. Intensive farming practices are major 
contributors to greenhouse gas emissions, soil degradation, biodiversity loss, and 
water pollution (Foley et al., 2011; Steffen et al., 2015). In addition, climate change 
is increasing the frequency of extreme temperatures, prolonged dry spells, and 
intense precipitation events, making it ineffective for farmers to only rely on past 
experience to manage their fields (Calvin et al., 2023). In this context, there is a 
need to redesign cropping systems to support their sustainability and resilience 
(Bommarco et al., 2013; Stone et al., 2025). 

An approach to address the environmental challenges is designing cropping 
systems that rely more on ecosystem services and less on fossil fuel-based inputs 
such as synthetic fertilizers and pesticides (Bommarco et al., 2013). Ecosystem 
services like nutrient cycling, pest regulation, soil structure maintenance, and water 
retention can help sustain crop productivity while reducing environmental impacts 
(Creamer et al., 2022; Power, 2010). However, how effectively these services 
support production depends on the crop(s), their functional traits, and the 
pedoclimatic conditions (Brooker et al., 2015). Not all combinations lead to 
desirable outcomes, and there are often trade-offs between different goals such as 
marketable yield, its year-to-year stability, and ecological functions (e.g., pest 
regulation and nutrient cycling) (Weiner et al., 2017). Such trade-offs can be seen 
in cereal–legume intercrops, which often excel in pest suppression but might lead 
to reduced grain yields compared with pure crops (Brooker et al., 2015). These 
context-dependent trade-offs make redesigning cropping systems challenging.  

Arable crops are currently mostly annual crops, with the exception of some 
forage crops, such as leys. An alternative to annual grains are perennial grain crops, 
which remain in the field for multiple years without being resown. The perennial 
growth habit results in continuous ground cover and development of deeper root 
systems. These features can contribute to a variety of ecosystem benefits, such as 
reduced soil erosion and improved water and carbon retention (Crews & Cattani, 
2018). For example, field trials with intermediate wheatgrass (Thinopyrum 
intermedium, Kernza), a perennial grain, showed increased soil carbon and reduced 
nitrate leaching compared with annual grain crops (Jungers et al., 2019). Deeper 
rooting also helps perennials access resources from deeper soil layers, compared 
with annual crops. This can be particularly valuable under dry or variable climatic 
conditions (Culman et al., 2013), if such advantage is not offset by its larger canopy 
size and hence higher transpiration demands (Vico et al., 2023). These benefits can 
support agricultural systems towards resilience and sustainability. However, 
despite the ongoing breeding efforts, perennial grain crops often result in lower 
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yields than their annual counterparts, because they allocate more resources to root 
and vegetative growth instead of reproductive organs, which in most cases 
constitute the marketable yields (Glover et al., 2010). While this could reduce grain 
yield, the greater vegetative biomass could also allow forage use in perennial grains 
managed as dual-use systems (Gutknecht et al., 2026). 

Another possible approach to improve agricultural sustainability is increasing 
crop diversity in the field. This can be done in time, via rotating functionally 
different crops, or space, via intercropping, i.e., growing two or more crop species 
with partially overlapping seasons. In both cases, combining different functional 
traits and resource use patterns of different species can improve overall productivity 
and ecosystem services, if species are effectively matched (Brooker et al., 2015; 
Tamburini et al., 2020). Interactions among species, and hence potentially benefits 
and tradeoffs, are strongest in intercropping, with outcomes depending on how the 
functional traits of the selected species interact with each other and with their 
environment (Brooker et al., 2015). Compared with pure crops, intercropping can 
enhance temporal and spatial resource-use efficiency and resilience to 
environmental disturbances such as drought or pest outbreak (Lithourgidis et al., 
2011). Intercropping a fast-growing cereal with a nitrogen-fixing legume could 
reduce the need for synthetic nitrogen fertilizers while also suppressing weeds 
through rapid canopy closure (Jensen et al., 2020). Intercropping could also 
increase land-use efficiency (Lithourgidis et al., 2011), reduce pest outbreaks 
(Letourneau et al., 2011), and improve soil nutrient cycling (Power, 2010). 
However, poorly matched mixtures can result in strong interspecific competition, 
reducing both yield and its stability (Brooker et al., 2015). Moreover, the 
management of intercrops is typically more complex than monocultures, requiring 
careful planning of sowing dates, spatial arrangements, and harvest timing 
(Meirelles et al., 2024). This complexity can create practical barriers to adoption 
and increase the knowledge and management demands placed on farmers (Brannan 
et al., 2023). Consequently, there is a growing need for approaches that support the 
design and evaluation of such complex cropping systems. 

Combining perennial grain crops with other perennial species through 
intercropping could allow to reap the benefits of both approaches: the ecosystem 
service advantages of perennials and the functional complementarity of intercrops. 
Indeed, this possibility is borne out in practice. For example, alfalfa–Kernza 
intercrops sustained grain yields over five years while unfertilized Kernza pure 
crops declined, illustrating how nitrogen-fixing legumes can enhance the long-term 
productivity of perennial grains (Crews et al., 2022). Kernza mixtures with red 
clover or alfalfa increased forage production and suppressed weeds, demonstrating 
the added value of intercrops for forage production and weed management, though 
grain harvests were sometimes reduced. By contrast, Kernza intercropped with kura 
and berseem clover helped maintain grain yields while still providing legume 
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forage, balancing productivity and ecological services (Pinto et al., 2024). Other 
legumes, such as white clover or Canada milkvetch, have even facilitated Kernza 
productivity more effectively than highly competitive species, underscoring the 
potential to fine-tune species choice for synergistic outcomes (Reilly et al., 2022).  

Perennial intercropping systems are inherently more complex than either 
perennial pure cultures or intercropping of annual crops. In intercropping, species 
interactions can shift over seasons or years in the presence of perennial species. 
Interactions among plant growth, soil and climatic conditions can lead to outcomes 
that are difficult to predict. For example, initial facilitation between species might 
turn into competition later in the growing season or in subsequent years, as root 
systems expand or nutrient availability changes (Brooker et al., 2015; Jensen et al., 
2020; Weiner et al., 2017). Similarly, long-term benefits like improved soil carbon 
and water retention often appear only after several years, and their effects can vary 
depending on environmental conditions (Brooker et al., 2015; Crews & Cattani, 
2018; Jungers et al., 2019). Relying solely on empirical assessments is unlikely to 
capture the full potential or limitations of perennial intercrops. To effectively design 
perennial intercropping systems, we need tools that can account for changes over 
time and test cropping system outcomes across a variety of scenarios. 

Process-based crop models are well suited to assess the performance of perennial 
intercropping. They represent the biophysical processes that drive crop growth and 
resource cycling, allowing to explore how cropping systems behave under different 
environmental and management scenarios (van Ittersum et al., 2003). This ability 
is especially important in the context of climate change, which adds uncertainty 
through greater variability and more frequent extremes (Calvin et al., 2023). Models 
can be used to test how perennial intercrops might perform under such different 
climatic and management scenarios, offering insights into their resilience and long-
term viability. 

Several models have been developed for intercropping, with most of them 
targeting annual crops and often relying on limited calibration or validation with 
intercrop field data (Weih et al., 2022). To the best of our knowledge, no models 
currently exist for perennial grain intercrops. These models simulate competition 
for light, water, and nutrients, incorporating functional trait differences (Berghuijs 
et al., 2020; Vezy et al., 2023). Similarly, models of perennial pure crops have been 
proposed, often focusing on biomass accumulation, root growth, and long-term soil 
carbon dynamics (Salis, 2017; Tang et al., 2024; Wu et al., 2007). However, most 
of these models were developed for forage-based systems (e.g., leys) and do not 
explicitly represent grain allocation processes required to assess grain-harvest 
systems such as perennial grain crops (Faverjon et al., 2019b; Maire et al., 2013; 
Snow et al., 2013).  

This essay assesses how modelling can support the design and evaluation of 
perennial grain intercropping systems. I review existing models that include both 
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mixtures (including intercropping) and perennials, and identify challenges that need 
to be addressed to develop them for perennial grain intercropping systems. Here, to 
capture transferable mechanisms of species interaction and resource competition in 
a broader sense, I include a broad set of models that simulate coexisting plant 
species, such as pasture or forage-mixture models, rather than restricting the review 
to classical intercropping models. This broader scope helps capture general 
mechanisms of species interaction and resource competition. My overarching 
questions are: 

1.Which existing models include both mixtures (including intercropping) and 
perennials? 

2.What mechanisms have been included in these models? And which of these 
mechanisms could support the development of perennial grain intercropping 
models? 

3.What are the key challenges in adapting existing modelling approaches to 
perennial grain intercropping?  

By addressing these questions, I aim to identify what developments in modelling 
tools can support the transition to sustainable, resilient, and climate-adaptive 
perennial grain intercropping systems. 
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2. Methodology 

To identify relevant literature on modelling perennial intercropping systems, I 
conducted a structured search in the Web of Science Core Collection. The search 
combined terms related to intercropping, perennial systems, and modelling, while 
excluding tree- or forest-based systems that fall outside the scope of this essay. 
Specifically, the Boolean string applied was  

Abstract: polycultur* OR intercrop* OR mix* OR strip* 
AND Abstract: perennial* OR permaculture* OR rye* OR ley* OR forage* OR 

pasture* OR fescue* 
AND Title: model* 
NOT Title: tree* OR forest* OR wood* OR agroforest* OR coffee* 

The search was limited to publications from 2010 to 2025. After applying these 
filters, 329 articles remained (as of 19th September 2025). I screened all the 
abstracts to further assess their relevance, selected 15 articles that are relevant for 
the abovementioned questions (Table A1), and read them in full.  
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3. Results 

3.1 Models applied to simulate mixtures including 
perennial species 

The systematic review of the 15 selected studies shows that different types of 
models have been applied to simulate mixtures (including intercropping) that 
involve perennials. These models fall broadly into two categories. On the one hand, 
the detailed process-based models explicitly describe key biophysical fluxes such 
as radiation interception, soil water and nitrogen uptake, soil organic carbon and 
nutrient turnover, species-specific rooting, regrowth (i.e., biomass recovery after 
cutting or grazing) and overwintering (i.e., survival through winter dormancy into 
the next growing season). On the other hand, the simplified models, including 
minimalist and phenomenological approaches, approximate interactions without 
simulating the physiological mechanisms in full. Table 1 summarizes the identified 
models and their applications.  

Table 1. Overview of models that simulate crop mixtures involving perennial crops.    
Model type Model (and module) name 

(key reference) 
Application 

Detailed process-based 
models 

DAISY (Manevski et al., 2015) Maize–red 
fescue 
intercrops 

STICS intercrop module (Shili-
Touzi et al., 2010) 

Winter 
wheat–red 
fescue 
intercrops 

APSIM–AgPasture (Snow et 
al., 2013) 

Perennial 
ryegrass–
clover 
grazed 
pastures 

Extended APSIM (Bartel et al., 
2020) 

Maize–
perennial 
groundcover 
intercrops 

IFSM (Jégo et al., 2015; Payant 
et al., 2021) 

Alfalfa–
grass 
mixtures 

VGL (Faverjon et al., 2019a; 
Louarn & Faverjon, 2018) 

Perennial 
grass–
legume 
mixtures 
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Gemini (Maire et al., 2013; 
Soussana et al., 2012) 

Perennial 
grassland 
mixtures 

CoSMo + CropSyst (Movedi et 
al., 2024) 

Perennial 
forage-
alfalfa 
mixtures 

Simplified models with 
minimalist and 
phenomenological 
approaches 

Eckersten RUE-based model 
(Eckersten et al., 2011) 

Perennial 
sow-thistle–
spring 
barley 
intercrops 

GLV models (Fort et al., 2017; 
Halty et al., 2017) 

Perennial 
forage 
mixtures 

Allometric biomass models 
(Demie et al., 2024) 

Native 
perennial 
mixtures 

 
None of the models were applied to perennial grain intercrops. Accordingly, they 
are not directly applicable without extensions. Yet, we can draw on the strengths of 
both detailed process-based and simplified models to develop such a tool to 
adequately represent resource dynamics, species interactions, and long-term system 
performance in the perennial intercrop systems. I identify the following functional 
mechanisms already included in the models and relevant to perennial grain 
performance: 

•Light competition  
Light competition is well represented in all models reviewed. DAISY, STICS, 

APSIM, and IFSM all include canopy modules that simulate radiation interception 
and partitioning among coexisting species, making them suitable to capture 
aboveground interactions in intercrops. 

•Soil resource competition 
Competition for soil water and nitrogen is often included in these models. 

DAISY and STICS include detailed soil–plant N uptake and water balance 
modules, while APSIM–AgPasture and extended APSIM extend this to perennial 
pasture or perennial groundcover systems. IFSM likewise integrates soil nutrient 
and water dynamics at a whole-farm scale. 

•Rooting depth differentiation 
Rooting depth is included in most models, though the level of detail varies. 

DAISY, STICS, APSIM–AgPasture and extended APSIM allow layered rooting 
profiles by species, which enables simulation of vertical complementarity. In 
contrast, IFSM parameterizes rooting as a single, species-specific maximum depth 
(e.g., 100 cm for alfalfa; 80 cm for timothy), providing a coarse representation of 
belowground complementarity and uptake distribution. 
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•Long-term soil process 
The level of detail of capturing long-term changes in soil processes depends on 

the model. DAISY and APSIM include modules for soil organic matter turnover 
and nutrient cycling, and IFSM explicitly tracks long-term changes in soil carbon 
and nitrogen pools. STICS represents nitrogen cycling reasonably well but provides 
only a simplified representation of soil carbon turnover. 

•Overwintering and regrowth 
Overwintering and regrowth are only included in models allowing multi-year 

simulations such as APSIM–AgPasture and extended APSIM, as well as in forage-
oriented models like IFSM, VGL, and GEMINI. By contrast, the single-season 
applications of DAISY and STICS do not include these processes. However, none 
of these models represent the allocation strategy characteristic of perennial grain 
crops, where reproductive yield and vegetative reserve formation must be balanced 
within the same plant. 

3.2 Models applied to simulate mixtures including 
perennial species Key challenges in adapting 
existing modelling approaches to perennial grain 
intercropping 

Although many of the core mechanisms required for simulating perennial intercrops 
are already represented in the models above, these models mostly capture plant-
plant interactions through resource competition routines or simplified 
approximations. Important challenges therefore remain when adapting them to 
perennial grain intercrop systems, where interspecific interactions must be 
represented together with perennial grain-specific processes. This limitation arises 
because most reviewed models were originally designed for either annual crops or 
perennial forages, and therefore certain elements are missing or oversimplified 
when transferred to perennial grain intercrops. 

First, while several models simulate regrowth after cutting or grazing in forage 
or groundcover contexts (e.g., APSIM–AgPasture, IFSM, VGL, GEMINI), none of 
the reviewed applications couple grain formation with reserve accumulation within 
the perennial species. Grain production is represented only for annual components, 
whereas perennial biomass is handled as forage or groundcover, meaning that 
reproductive sinks and survival reserves are treated separately in different plant 
types rather than as competing sinks within a single perennial grain plant.  

Related to this, simulating perennial grain intercrops requires representing root 
system dynamics across multiple years, including deep nutrient capture, vertical 
root plasticity and root turnover linked to the plant ability to survive winter and 
resume growth in subsequent seasons. In the reviewed models, rooting is generally 
specified as a fixed depth profile for uptake within a single season (in DAISY, 
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STICS or APSIM) or as a single maximum rooting depth parameter at whole-farm 
scale (in IFSM). This description is sufficient for estimating the soil nutrient 
balance but does not capture changes in rooting distribution over time. Even in 
individual-based community models such as VGL, root morphogenesis is 
represented within seasons but not coupled with the multi-year deep resource 
acquisition typical of perennial grain ideotypes. 

Moreover, coexistence and management rules in these mixture models are 
formulated with objectives typical of pasture or perennial groundcover systems. 
These objectives focus on maintaining forage productivity or continuous soil cover 
(e.g., suppression windows in extended APSIM or floristic turnover in 
CoSMo+CropSyst), rather than maintaining a grain-harvest perennial alongside the 
companion species. As a result, the coexistence focuses on sward stability or cover 
retention, not on preserving perennial grain yield while sustaining the perennial 
plant across successive harvests. 

Furthermore, modelling perennial grain intercrops requires that overwinter 
survival and reserve status carry over mechanistically into the next season 
reproductive allocation, since perennial grains must balance survival and grain 
production across years. In the reviewed models, overwintering and regrowth are 
included only in forage-oriented, multi-cut configurations, and carryover is 
generally handled through fixed survival thresholds or biomass reset rules, without 
linking reserve levels or stress exposure to subsequent grain sink formation. In 
IFSM and community-oriented models such as CoSMo+CropSyst, seasonal 
transitions modify biomass pools or species composition, but this is implemented 
at stand level rather than through plant-level allocation feedbacks relevant to 
perennial grain physiology. 
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4. Discussion 

This review confirms that, while existing process-based models like APSIM (Bartel 
et al., 2020; Snow et al., 2013), STICS (Shili-Touzi et al., 2010), and DAISY 
(Manevski et al., 2015) provide a robust foundation for intercropping, none are 
currently equipped to simulate the unique, multi-year dynamics of perennial grain 
intercrops, as they lack processes key for these crops. The results highlight a critical 
gap between the tools available and the systems we aim to explore and ultimately 
design. 

4.1 The key modeling challenges 
The challenges identified in this review are not isolated technical constraints, rather 
biologically interconnected. These connections form a cascading hierarchy of 
effects: the plant’s internal resource allocation (Section 4.1.1) drives its physical 
root architecture (Section 4.1.2), which in turn determines its capacity for 
overwintering and seasonal carryover (Section 4.1.3). This biological complexity 
ultimately demands dynamic management rules (Section 4.1.4). 

4.1.1 The dual-allocation dilemma: balancing grain production 
and survival 

The fundamental challenge in the use of perennial grains, and consequently in 
modelling them, is the trade-off between reproductive effort (grain yield) and 
vegetative persistence (survival), though in practical applications this tension is 
partly mitigated in some dual-use perennial grain systems (Gutknecht et al., 2026). 
Biologically, this trade-off is a non-linear competition for resources. Unlike annual 
crops that direct all assimilates to the grain during filling, perennials must allocate 
a significant portion of carbon and nitrogen to the crown and rhizomes to survive 
winter and regrow the following spring (DeHaan et al., 2005; Glover et al., 2010). 
Modeling this trade-off is crucial to assess the marketable yield of perennial grain 
crops, as prioritizing grain yield often comes at the physiological cost of reduced 
root biomass and stand longevity (Bell et al., 2008). 

Current process-based models often rely on modified annual crop templates that 
struggle to capture this tension between reproductive effort and survival, and how 
that plays out throughout the growing seasons. A pertinent example is the recent 
intermediate wheatgrass module in APSIM Next Generation, which utilizes 
photosynthesis parameters and senescence rates initially adapted from the wheat 
module (Innes et al., 2026). While this approach successfully simulates biomass 
accumulation in intermediate wheatgrass by adjusting radiation use efficiency, it 
treats the crop dynamics largely as a sequence of seasonal growth cycles rather than 
a continuous problem of resource allocation. To improve accuracy, future models 
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must incorporate dynamic sink strength functions where the demand for storage 
reserves competes directly with grain filling late in the growing season, moving 
away from fixed partitioning rules derived from annual cereals. 

4.1.2 Root system architecture and deep soil feedbacks in 
perennial grain crops 

The internal allocation logic of the plant directly dictates its physical structure, most 
notably the root system. The ability of perennial grains to provide ecosystem 
services, such as nitrate capture and carbon sequestration, often relies on deep, 
dense root systems that differ fundamentally from annual species (Crews & Cattani, 
2018). Empirical observations on Thinopyrum intermedium demonstrate that its 
roots can extend deeper and maintain higher density than annual wheat, facilitating 
access to subsoil water (Duchene et al., 2020). In an intercropping context, 
adequately simulating this vertical root distribution is essential to capture "niche 
complementarity," where the perennial grain accesses deep resources while a 
companion legume utilizes the shallow soil layers (Thorup-Kristensen et al., 2020). 

However, representing this root system architecture remains a weakness, as most 
grain models utilize static rooting depth parameters or simple descent rates suited 
for annuals. Even the most recent APSIM Next Generation Intermediate 
Wheatgrass model has this limitation, as it currently employs the standard wheat 
root organ without modification. As a result, the model does not represent 
intermediate wheatgrass deeper and denser roots, despite the developers explicitly 
acknowledging these characteristics (Innes et al., 2026). This simplification means 
that critical dynamics, such as the retention of nitrogen in living roots versus the 
decomposition observed in annuals, are not fully captured yet. By relying on annual 
root templates, current models likely underestimate the deep soil feedbacks and the 
competitive dominance of perennials in mixed systems. This necessitates a shift 
toward multi-layer resource uptake routines that account for root turnover and 
legacy effects (Tang et al., 2024). 

4.1.3 Seasonal carryover 
In perennial systems, the physiological state at the end of one season determines 
the potential of the next, creating a "system memory" that models of annual crops 
do not need and hence possess. The system memory pertains plant size and resource 
allocation and how that is affected by previous management choices. For example, 
legacy effects where management choices in one year (e.g., high N fertilization) 
cause lodging or yield penalties in subsequent years, as observed in field trials 
(Jungers et al., 2017), are not yet simulated, limiting the ability to predict long-term 
performance. 

Another aspect to consider is the need to accurately predicting phenology. This 
requires modeling "dual induction", where plants must be exposed to specific 
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vernalization (cold) and photoperiod (day length) cues to transition from vegetative 
to reproductive stages (Heide, 1994). If these requirements are not met, the crop 
remains vegetative, with no grain yield. Recent modeling work has made significant 
strides in predicting the timing of these phases, yet the depletion of belowground 
carbon and nitrogen reserves required for survival remains simplified (Innes et al., 
2026). Simulations can now correctly predict that grain yield of intermediate 
wheatgrass fails in sub-tropical latitudes due to insufficient vernalization, but the 
physiological cost of winter survival is often handled by resetting the crop back to 
an early vegetative state rather than mechanistically depleting reserves. This 
approach might miss the link between winter reserve depletion and spring vigor 
(Höglind et al., 2016; Yoshida et al., 1998). 

4.1.4 The management complexity in mixed systems 
The interaction of these physiological and temporal factors creates a management 
landscape that is far more complex than in monocultures. While annual and 
perennial crop models already include many management practices such as 
fertilization timing, harvest height, and even repeated defoliation in forage or ley 
systems, the challenge in mixed perennial grain intercrops is the added layer of 
inter–specific interactions. In perennial intercrops, the competitive balance between 
species is not static across both seasons and years, as perennial plants accumulate 
biomass and reserves that alter their future competitive ability. Consequently, 
modelling the effects of management practices, such as defoliation, fertilization 
timing, and harvest height, must account for both these temporal and competitive 
dynamics, rather than fixed schedules. Such an approach could help towards 
capturing the typical highly context-dependent interactions of intercrops and the 
role of nutrient and water competition (Brooker et al., 2015). 

Current grain crop models, however, are largely designed for fixed schedules 
and simplified effects of management operations, which can obscure intercropping 
benefits. For instance, recent validation efforts of crop models for perennial 
intercrops typically assume distinct crop rows with no inter-row recruitment and 
treat harvesting as simple biomass removal, missing the complexities of rhizome 
spread and nutrient cycling from grazing or residue return (Innes et al., 2026). These 
simplifications limit the model's ability to simulate "creeping" competition or weed 
suppression dynamics. To support the design of resilient intercropping systems, 
models must be developed to include adaptive management rules and the 
consequences of management actions. Although forage models already adjust 
harvest timing to optimize biomass yield and forage quality, perennial grain 
intercrops require adaptive harvest rules designed specifically to maintain species 
coexistence and balance competitive interactions (Bybee-Finley & Ryan, 2018). 
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4.2 The data bottleneck 
Addressing these conceptual challenges in modeling is contingent on sufficient data 
availability, in particular from field experiments. However, perennial grains are still 
in the early stages of domestication and breeding (Crews & Cattani, 2018). There 
is still limited basic agronomic data from a wide range of environments simply 
because the crop is not globally available or widely cultivated. We lack the specific 
physiological data needed for the modules described above, such as the precise C/N 
allocation trade-offs between grain and rhizomes, multi-year root dynamics, and 
the impact of intercrop management on reserve accumulation. A tight, iterative 
feedback loop where modeling highlights key data gaps and hypotheses to guide 
experiments, and new data in turn refines the models (Hammer et al., 2020). This 
data scarcity also reinforces the need for minimalist models, such as the one used 
for annual intercrops by Berghuijs et al. (2020), which allow us to explore key 
trade-offs while we slowly gather additional data. 

4.3 Towards a comprehensive assessment and design 
tool 

If we can navigate these challenges, the resulting models will be far more than 
simple yield predictors. They will be comprehensive tools for both assessment and 
design of cropping systems. As assessment tools, they can quantify the ecosystem 
functioning of these systems, for example, by running multi-decade simulations to 
provide robust estimates of soil organic carbon sequestration (Tang et al., 2024) or 
reduced nitrate leaching (Jungers et al., 2019). They can also link biophysical 
outputs to farm-scale economic models, similar to how IFSM is used to evaluate 
the whole-farm performance of forage-based systems (Rotz, 2018). 

Perhaps most powerfully, these models can serve as tools for variety design. By 
simulating "virtual cultivars" with different traits (e.g., "more allocation to grain" 
vs. "deeper roots"), these models can guide plant breeding (Rötter et al., 2015; Weih 
et al., 2022). This in silico ideotype design would allow researchers to test the 
potential performance of new traits across many climates before investing a decade 
in breeding for them in the field (Hammer et al., 2020), thereby accelerating the 
development of resilient, locally-adapted perennial grains. 
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5. Conclusion 

This introductory essay highlights that, although perennial grain intercropping 
offers a promising strategy for sustainable agriculture, current simulation models 
are not yet fully equipped to guide their design. Although current models 
successfully capture how plants compete for basic resources like light and water, 
they do not represent the unique life history strategies of perennial grains, 
specifically the critical physiological trade-off between producing seeds for harvest 
and storing energy in roots to survive the winter. Bridging this gap requires 
developing current models to account for dynamic feedbacks and multi-year 
processes, such as the functioning of deep root systems and the cumulative effects 
of seasonal carryover on subsequent-year performance. By integrating these long-
term ecological dynamics into agricultural simulations, models can be transformed 
into powerful design tools, allowing scientists to virtually test and optimize these 
complex ecosystems for climate resilience and environmental benefits without 
relying solely on time-consuming field trials. 
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Appendix 1 
Table A2. Reference list of the 15 studies assessed in detail.    
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use efficiency 
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