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Limited modeling studies are available for the process-based simulation of

ecosystem services (ESS) and biodiversity (BD) in agroforestry systems (AFS).

To date, limited field scale AFs models are available to simulate all possible

ESS and BD together. We conducted an extensive systematic review of

available agroforestry (AF), BD, and soil erosion models for the simulation

potential of seven most desirable ESS in AFS. Simple to complex AF models

have an inherent limitation of being objective-specific. A few complex and

dynamic AF models did not meet the recent interest and demands for

the simulation of ESS under AFS. Further, many ESS modules especially

soil erosion, GHGs emission, groundwater recharge, onsite water retention,

nutrients and pesticide leaching, and BD are often missing in available AF

models, while some existing soil erosion models can be used in combination

with AF models. Likewise mechanistic and process-based BD diversity models

are lacking or found limited simulation potential for ESS under AFS. However,

further efforts of model development and improvement (integration and

coupling) are needed for the better simulation of complex interactive

processes belonging to ESS under AFS. There are different possibilities but a

proficient modeling approach for better reliability, flexibility, and durability is to

integrate and couple them into a process-based dynamic modular structure.

Findings of the study further suggested that crop modeling frameworks (MFW)

like SIMPLACE and APSIM could be potential ones for the integration and

coupling of different suitable modeling approaches (AF, soil protection, GHGs
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emission, flood prevention, carbon sequestration, onsite water retention,

ground recharge, nutrient leaching, and BD modules) in one platform for

dynamic process based ESS estimation on daily basis at the field scale.

KEYWORDS

carbon sequestration, soil conservation (SC), groundwater recharge, water retention,
flooding, GHGs emission, leaching, BD conservation

1. Introduction

1.1. Typology of agroforestry system
and ecosystem services

Current crop and forest production systems face new
challenges as they must now also account for climate change and
utilize sustainable production methods to meet the demands
of an ever-increasing population. In contrast to conventional
(monoculture) cropping systems, agroforestry (AF) promotes
several ecosystem services (ESS) and biodiversity (BD) without
compromising productivity or economic returns (Nguyen et al.,
2013). Agroforestry systems (AFS), consequently, have the
potential to support sustainable, climate-resilient production
systems by considering both pillars of climate change, i.e.,
adaptation and mitigation, and by preserving ESS, ecosystem
resilience, and BD (Palma et al., 2007a; FAO, 2015; Crous-
Duran et al., 2019a; Kay et al., 2019). Furthermore, varied
and innovative approaches toward AF could help to sustain
food production in different environments (Nguyen et al., 2013;
Burgess and Rosati, 2018). AFS soil-related ESS has numerous
advantages, like improving soil health, water infiltration and
regulation, groundwater recharge, microclimate development,
reduced soil erosion, improved soil fertility, enhanced carbon
sequestration, reduce GHG emissions, and reduced nutrient
leaching. AFS also promotes BD in terms of genetics, species,
and crop diversity, as well as by improving microhabitats
(above and below ground) and promoting wild, native, and
non-native species which are crucial for the promotion of ESS
and environmental functions (Jose, 2012; Sistla et al., 2016;
Sagastuy and Krause, 2019). The benefits of BD are attributed
to plant/vegetation heterogeneity, soil conditions, organic
carbon, the microclimate, and improved ESS. Furthermore, AFS
provides short and long-term financial support for farmers
(Bayala et al., 2014). The contributions of AF toward ESS
provisions and sustainability depend on the system components
of the site-specific responses and may take time to become
established (Coe et al., 2014; Luedeling et al., 2014).

Estimating ESS provisions in AFS is crucial to understand
the interactions among different components of the system
and the sustainability of the ecosystem. Innovative tools
and techniques, like modeling approaches, can be used to

estimate the provisions of ESS and the potential impacts on
the environment (Palma et al., 2007a). Estimations of the
positive effects can be assessed with the help of process-based
dynamics modeling approaches, as they provide insight into
the interactions and competition for resources (light, water,
and nutrients). While attempts have been made to model AFS
and estimate ESS (Bayala et al., 2015; Luedeling et al., 2016),
there are many challenges and issues still to be overcome,
as the available process-based dynamic crop models are not
well developed. It is crucial, however, that we model ESS for
sustainability and BD assessments (Coe et al., 2014). Seven
ESS, including soil protection and conservation, water retention
for flood prevention, carbon sequestration, soil biodiversity,
reducing GHG emissions, increasing groundwater recharge,
reduction in N leaching, and BD conservation are desirable for
current and future scenarios, but dynamic field scale modeling
of these important aspects is limited. ESS to achieve sustainable
development goals are provided by AFS and require modeling
approaches for dynamic process-based simulations (Table 1).
The objective of the present study is to highlight potential
and key challenges in AFS modeling and its internal processes
for ESS and BD and the dynamic processes of the tree–crop
interactions. We present a way forward in the development of
dynamic processed-based AFS modeling for the simulation of
ESS and BD at the field scale, by considering the interactions
of tree and crop species. We will do so by reviewing the
existing AF, soil erosion, and BD modeling approaches and by
evaluating their potential and key challenges and suggesting
possible options to integrate and develop a modeling framework
that can reliably predict a range of ESS and provide sustainability
assessments.

2. Materials and methods

The systematic review was performed to identify the current
and future promising modeling approaches for the simulation of
ESS and BD under the agroforestry system. The study focused
on the identification, screening and shortlisting of the articles
focusing on the model structure, output, and classification.
A thorough screening of literature was done for available models
to simulate the ESS under agroforestry and particularly focused
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TABLE 1 Ecosystem services (ESS) need to be simulated using optimized agroforestry system (AFS) models and modeling frameworks according to
the sustainable development goals of the United Nations.

Sustainable
development goals

ESS provisions in agroforestry systems

SDG-15, life on land Conservation of soil and plant biodiversity, soil-plant-tree-environment interaction, microbes protection, and provision, water, and
air quality, nutrients recycling, land use and land cover, land/soil conservation, groundwater recharge, social and cultural benefits,
promotion of wildlife habitat.

SDG-12, responsible
consumption, and production

Timber production and consumption, biomass and yield enhancement, wood/timber production, carbon stock, resource use
efficiency, nutrient balance, green economy.

SDG-13, climate action Climate mitigation, soil conservation, GHGs emission, carbon sequestration, climate regulation, biodiversity conservation,
microclimate, temperature regulation, water retention and flooding, environment protection, balanced nutrient cycling.

SDG-2, zero hunger Food, fuel, energy, biomass, yield, fruit, and food security.

SDG-3, good health and well
being

Clean environment, soil health, biodiversity conservation, quality food, and mitigation of desertification.

SDG-6, clean water and
sanitation

Reduced nutrient leaching, groundwater recharge, soil erosion protection, clean and quality water, reduction in N and P depletion,
prevention of pesticide and herbicide leaching.

SDG-1, no poverty Profitability, farm economics, sustainable production.

on the simulation of seven more demanded ESS under AFS
(soil erosion, GHGs emission, groundwater recharge, onsite
water retention, nutrients and pesticide leaching, and BD).
Generally, this study focused on a global review of available
models having potential for the simulation of AF system, while
further, the study focused on Europe for the simulation of ESS
in agroforestry system. Total articles identified and screened
through database search (1,771) using the designed keywords in
specific combinations (agroforestry models, simple to complex
models (1D–3D), soil erosion models, ESS, GHGs emission,
carbon sequestration, groundwater recharge, soil conservation,
onsite water retention, flood prevention, nutrients and pesticide
leaching, BD conservation). The following most popular search
engine for scientific knowledge was assessed and the number
of the article identified were as; Google Scholar (n = 667),
Science Direct (n = 309), Scopus (n = 145), Research Gate
(n = 391), Refseek (n = 24), Web of Science (n = 81),
Semanticscholar (n = 18), Wiley Online Library (n = 27),
PubMed Central (n = 31), CiteSeerX (n = 12), Europe PMC
(n = 66). Further, the 1,210 articles were excluded based on title,
and abstract (less focus on the keywords and research questions).
Furthermore, the 561 articles were assessed and retrieved from
the above-mentioned search engine for further eligibility and
focus on the model classification. This review paper is structured
in the following way. A brief explanation and overview of
agroforestry, soil erosion, and BD models for ESS simulation
and potential are in section “2 Modeling for agroforestry, soil
erosion and biodiversity for ESS simulation.” The shortlisted
models are reviewed in terms of their objective, model structure,
model components, as well as their application, ease of model
calibration, and parameter requirements. While further the
existing models and MFW of AF and BD were discussed in
section “3 Existing models and modeling frameworks of AF and
biodiversity for ESS simulation.” Limitations and key challenges

of current AFS models for the simulation of ESS and BD
(soil protection, onsite water retention, carbon sequestration
and soil biodiversity, GHG emissions, groundwater recharge,
nitrogen, pesticides, and herbicides leaching, BD conservation
and assessment in AFS) were discussed in section “4 Limitations
and key challenges of current AFS models for the simulation
of ecosystem services and biodiversity.” In section “5 Key
challenges for the dynamic simulation of process-based models
in AFS,” the key challenges for the dynamic simulation of
process-based models in AFS were deliberated. Section “6
Ways forward and options for the integration of agroforestry,
ESS modules, and biodiversity models in dynamic processed-
based modeling frameworks for the simulation of ESS and
biodiversity in AFS” focused on the way forward and options
for the integration of agroforestry, ESS modules, and BD models
in dynamic processed-based MFW for the simulation of ESS
and BD in AFS. The last part consists of a summary and
conclusion of the study.

3. Results

3.1. Modeling agroforestry, soil erosion
and biodiversity for ESS simulation

3.1.1. Competition of resources and the need
for process-based dynamic AFS models for ESS
and biodiversity

AFS are characterized by the competition of trees and
crops for resources like soil, light, water, nutrients, and space
(Keating and Carberry, 1993). Negative competition occurs for
light, water, and nutrients while positive impacts of the ESS
regulate water relationships and promote microclimates
(Van Noordwijk and Lusiana, 1998; Bayala et al., 2015;
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Luedeling et al., 2016; Smethurst et al., 2018). Modeling
the competition for light, water, and nutrients is complex as a
large number of interactions need to be considered, and this
is especially true for AFS in contrast to the crop models for
mono-cropping systems (Dupraz, 2002; Smethurst et al., 2017).
Current intercropping crop modules may not provide accurate
predictions for tree and crop interactions, as they are not
designed to handle the complex interactions and competition
that occurs in AFS; for example, they do not consider critical
resource competition or the facilitative interactions between
trees and crops (Powlson et al., 2011; Pinto et al., 2019).
Modeling the competition for resources with dynamic (i.e.,
time-dependent) approaches is critical to understand the
nature, degree, and extent of competition and interactions (Van
Noordwijk and Lusiana, 1998; Jose et al., 2004; Hussain et al.,
2016). Several simple, empirical, and mechanistic tree models
have been developed for different scales, and these have the
potential to simulate tree features reasonably well. However,
the underlying principles and their structure are quite different
when coupled with crop modeling approaches and their success
rate is low (Bugmann, 2001; Dupraz, 2002; Charbonnier et al.,
2013; Smethurst et al., 2017). Complex processes and AFS
management have previously been modeled for tree mixtures,
but these models have limited scope for AFS simulations as they
require large data sets (López-Serrano et al., 2015; Hussain et al.,
2016). Similarly, simple to complex process-based dynamic
crop simulation models have been developed for individual
crops and later attempts have been made to extend these models
for intercropping (mixed cropping) systems (Baumann et al.,
2002; Tsubo et al., 2005; Gou et al., 2017). The coupling of tree
and crop models with different structures and complexities is
challenging.

Existing soil erosion models can be empirical, physical,
or process-based for the assessment of soil loss and runoff
and are generally at larger scales, although some have been
successfully applied at field scale. However, their applications
at the field and subfield scale for AFS is limited (Bhuyan
et al., 2002; Avwunudiogba and Hudson, 2014; Igwe et al.,
2017; Raza et al., 2021). Similarly, the existing models for
other ESS and BD range from simple (1D) to complex
approaches and each model has its inherent limitations, and
a few are very simple, while others are too complex (Araújo
et al., 2019; Chopin et al., 2019; van Oijen et al., 2020). The
developed AFS models are also useful for the simulation of some
ESS (carbon sequestration and vegetation, water infiltration
and retention, biomass production, and yield), but they lack
accurate and reliable estimations for all ESS (Van Noordwijk
and Lusiana, 1998; Luedeling et al., 2016; Holzworth et al.,
2018; Dupraz et al., 2019). New research efforts to couple
or integrate these capabilities into a state-of-the-art process-
based dynamic modeling framework are required for the
simultaneous assessment of ESS, erosion, and BD at the field
scale in AFS.

3.1.2. Agroforestry modeling, overview, and
potentials for the simulation of ESS

The modeling of tree and crop interactions is comparatively
new when compared to crop modeling in the early nineties,
as there was no model available to simulate the AFS-related
processes (Mead and Willey, 1980). This may be due to the
low importance of AFS in modern agriculture and to the
complexity of the processes, like the above and below-ground
interactions between tree and crop components. There are
different types of AF models available with varying complexities
and dimensions. For the tree components, there are simple
empirical relationships (allometric models) expressing the
association of the tree dry matter to the height, diameter, and
volume, and focusing on the tree components only (Khaine and
Woo, 2018). These also included simple functional tree branch
analysis models to determine the biomass from the diameter.
Other AFS models have been designed to simulate the impacts
on the environment, but they have only small or no capability to
simulate the dynamic growth of the tree and crop components
(biomass and yield). The “Soil Changes under AgroForestry”
(SCUAF) model (Young et al., 1998) is a prominent example
of this, as it uses both crop and tree growth observations as
input data and then simulates the effect of AFS on soil properties
like nutrients, soil organic matter, and soil erosion but cannot
simulate the above-ground components.

Likewise, the CO2FIX model is used to estimate the ESS
related to soil and biomass yearly (Panwar et al., 2017). Most
of the cited and used AF models are dynamic as they predict
the effects of tree and crop interactions over time. Furthermore,
most AF models also include a “mechanistic” or “explanatory”
component to attempt to describe the behavior at one level
by using an understanding of what occurs at a sub-level. An
important feature of AFS is the interaction that occurs over time
between trees, crops, and the atmospheric and soil environments
(Palma et al., 2007a). Yield-SAFE is the simplest mechanistic
AF model but it is one-dimensional while other models are
two and three-dimensional (complex). It includes simple light
capture algorithms and was originally designed to describe an
alley cropping silvo-arable system (van der Werf et al., 2007).
With the addition of new algorithms to the Yield-SAFE and
Farm-SAFE models, they can now simulate ESS (García de Jalón
et al., 2018b) but still lack assessments of the dynamic processes.
As the time step for the model is a day, it is assumed that each
part of the alley cropping field will receive the same shade from
the trees when this is not the case (Luedeling et al., 2016).

Water, Nutrient, and Light Capture in Agroforestry Systems
(WaNuLCAS) is a more complex 2 D (Figure 1). AF model
(Van Noordwijk and Lusiana, 1998). It includes a vertical four-
layer soil profile with four horizontal spatial zones and it has
the potential to simulate the interactions of trees and crops
for water, nitrogen balance, and uptake, either by crop or tree.
While the WaNuLCAS model is used to assess the effects of
trees on crops by considering the distance between the two,
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FIGURE 1

The WaNuLCAS described by Van Noordwijk and Lusiana (1998) comprises four root zone depths (vertical zones) and four distances from the
tree (horizontal zones) and the same four layers are included above ground for light. Hi-SAFE (3D) model zones represent the canopy (dark
green color), distance from a tree (light green) and below ground, soil, and root (dark purple) (Dupraz et al., 2005).

it assumes that the light interception is the same in both
directions, either West-East or North-South. In reality, this is
not the case for row orientation, and a three-dimensional model
is required to truly simulate the light and shade effects, and
especially the microclimates. The Hi-sAFe AF model (Dupraz
et al., 2005) is the most recent example of a three-dimensional
model (Figure 1), as it was developed using a combination of
the crop (PARCH model) and tree models (Hybrid). Hi-sAFe
can simulate different conditions like isolated tree systems, tree
hedges, alley cropping, and crop and forest mono-cropping
(Artru et al., 2017). It also has a well-developed system for root
competition and has many other tree and crop management
options. It can consider the impacts of a fluctuating seasonal
water table on tree–crop competition (Lecomte et al., 2016).

The Agricultural Production Systems Simulator (APSIM)
framework is flexible and can be used for AFS modeling
(Holzworth et al., 2018), and is currently used for intercropping
and tree and crop interactions. Smethurst et al. (2017) described
the use of the APSIM Next Generation framework to provide a
2D representation of Gliricidia-maize intercropping, and it was
found that it could accurately describe many ESS related to soil,
crops, and trees. However, a static proxy of the Gliricidia trees
was that it lacked a process-based simulation. There are many
types of AF models available for large-scale assessments, such
as for farm-scale management, architecture models, landscape
models, economics, and financial models but we have focused
on field scale AF models to identify the opportunities and
challenges of integrating them into developed crop MFW to
develop a comprehensive system for accurate simulations of
tree and crop interactions in AFS. Detailed descriptions of the

different types of models and the simulations of different ESS
and processes under AFS are mentioned in Table 2. Although
there have been efforts by the modeling community previously
to develop a dynamic, process-based modeling system for AFS,
there are still many limitations and challenges, and in particular
for the simulation of ESS and BD.

3.1.3. Biodiversity modeling, overview, and
potential for ESS estimations

AF is regarded as a potential solution for the provision of
ESS and the conservation and improvement of BD (Jose, 2009).
Modern agriculture and innovation practices have affected
BD (Zhang and Liu, 2005; Blanco-Canqui and Lal, 2010).
Plant diversity, however, enhances soil quality, reduces erosion,
supports agricultural productivity, and promotes BD (Sistla
et al., 2016; Udawatta et al., 2019). AF significantly promotes
BD through the provision of improved interactions between
the soil, plants, water, and microclimate. BD is thus crucial
for ecosystem maintenance and especially for the promotion
of ESS and environmental functions (Wise et al., 2007; Jose,
2012; Sistla et al., 2016). Different types of models are used to
study BD in forestry and AF practices, and they range from
simple to complex and dynamics-based models and each has
both potential and limitations. Although, some models are
appropriate for the simulation of ESS and can simulate the
new management strategies to enhance BD and ESS, including
environmental and production benefits. Studies have shown a
strong relationship between BD and ESS and stressed that BD
conservation is required for the promotion of ESS. ESS provided
by BD can help to maintain the productivity of cropping
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TABLE 2 Ecosystem services (ESS) simulations using available modeling approaches for agroforestry systems (AFSs).

Sr. No. Model name and
description

Study
area/Scale

Model
type

Objective/ESS
simulation

Example references

1. CO2FIX Landscape/Large
scale

Non-growth
Dynamic
process
based model

Carbon sequestration and GHGs
under AFS and effects on crop
yield, Carbon balance, SOC

Nabuurs and Schelhaas, 2002; Masera
et al., 2003; Andrew et al., 2012; Ajit
et al., 2013, 2017; Rizvi et al., 2016;
Panwar et al., 2017

2. SCUAF, Soil Changes Under
Agroforestry model

Landscape/large
area/Field scale

Process
based
dynamic
model

Soil organic carbon, soil erosion
and N losses, Total soil C,
organic N and P, GHGs

Vermeulen et al., 1993; Young et al.,
1998; Lojka and Posthumus, 2006;
Wise et al., 2007; Das and Bauer, 2012

3. ICBM/N model Introductory
Carbon Balance
Model/simulates N processes

Filed and large scale
(regional level)

Dynamic
process
based model

Soil carbon, nitrogen stocks and
GHGs under AF

Kätterer and Andrén, 2001; Andrén
et al., 2004; Bolinder et al., 2006;
Salazar et al., 2011

4. ALWAYS, Alternative
Land-use With Agroforestry
Systems) model

Plot scale Dynamic
process
based model

Soil carbon and N, Climate
regulation and carbon storage

Bergez et al., 1999; Balandier et al.,
2003

5. HyPAR: The “Hybrid” tree
model with PARCH
(Predicting Arable Resource
Capture in Hostile
environments) crop model

Plot to field scale Dynamic
biophysical
processed
based model

Soil carbon, carbon
sequestration, nutrients, Biomass
and yield, environment and
climate

Lawson et al., 1995; Mobbs et al.,
1998, 2001; Lawson, 1999; Stephens
and Hess, 1999

6. Hi-sAFe (sAFe tree + STIC
crop model)

Plot to field scale Dynamic
biophysical
processed
based model

Biomass production and yield,
carbon sequestration, nitrogen
leaching, soil erosion,
environment and climate

Lecomte et al., 2016; Artru et al.,
2017; Cardinael et al., 2018; Palma
et al., 2018; Burgess et al., 2019;
Dupraz et al., 2019

7. Yield-SAFE model Field to large scale Dynamic
process
based model

Biomass production and yield,
carbon sequestration, soil
erosion, nitrogen and
phosphorus losses and
greenhouse gas emissions,
environment and climate

van der Werf et al., 2007; Graves et al.,
2010; Keesman et al., 2011; Talbot
et al., 2014; Burgess and Rosati, 2018;
Palma et al., 2018; Crous-Duran et al.,
2019b; Gidey et al., 2020

8. APSIM Next Generation,
Agro-forestry model

Plot to field scale Dynamic
process
based model

Biomass production and yield, N
losses, SOM, water, soil erosion,
climate

Huth et al., 2002; Keating et al., 2003;
Luedeling et al., 2016; Smethurst
et al., 2017, 2018; Holzworth et al.,
2018

9. WaNulCAS model, Water,
Nutrient and Light Capture
in Agroforestry Systems

Plot to field scale Dynamic
biophysical
processed
based model

Biomass production and yield,
SOM, carbon sequestration,
water, nitrogen, climate, soil
erosion

Van Noordwijk and Lusiana, 1998;
Systems and Parametrisation, 2004;
Pinto et al., 2005; Radersma et al.,
2005; Wise and Cacho, 2005; Wise
et al., 2007; Pansak et al., 2010;
Coulibaly et al., 2014; Khasanah et al.,
2015, 2020; Paul et al., 2017;
Onsamrarn et al., 2020

10. Coffee agroforestry model Plot to field scale Process
based
dynamic
model

Carbon, Nitrogen, biomass,
yield, environment, water
balance, shade, leaf area, climate

van Oijen et al., 2010a; Charbonnier
et al., 2013; Negash and Kanninen,
2015; Rahn et al., 2018; Ovalle-Rivera
et al., 2020

11. Farm-SAFE (Work with
Hi-SAFE and Yield SAFE for
economic analysis for AFS)

Plot to field and
Farm scale

Biophysical
and
dynamic
based
economic
analysis
(bio-
economic
model)

Economics of the farm, and
carbon sequestration, soil
erosion, nitrogen and
phosphorus losses and
greenhouse gas emissions

Graves et al., 2007, 2010, 2011;
Williams et al., 2012; Burgess and
Rosati, 2018; García de Jalón et al.,
2018b

(Continued)

Frontiers in Forests and Global Change 06 frontiersin.org

https://doi.org/10.3389/ffgc.2022.1032442
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-05-1032442 January 12, 2023 Time: 15:24 # 7

Rahman et al. 10.3389/ffgc.2022.1032442

TABLE 2 (Continued)

Sr. No. Model name and
description

Study
area/Scale

Model
type

Objective/ESS
simulation

Example references

12. Forage-SAFE Field to farm scale Biophysical
and
economic
dynamic
model

Forage biomass and yield
(pasture and fodder crops) under
AFS, farm management and
economics

García de Jalón et al., 2018a

13. Polyscape Landscape Physical and
empirical
equation
based model

Soil erosion, carbon
sequestration and agricultural
productivity, land cover changes

Jackson et al., 2013; Kay, 2018; Zeng
et al., 2018

14. Forest, Agroforest, Low-value
Landscape or Wasteland
(FALLOW) model

Landscape Dynamics
empirical
based model

Land use and land cover, soil
fertility, soil carbon, biomass and
yield

van Noordwijk et al., 2008; Lippe
et al., 2011; Mulia et al., 2014

systems and reduce the application of the inputs responsible
for environmental complications and hazards (Chopin et al.,
2019). Different types of approaches are used to simulate
the relationship of ESS with BD under AFS. Generally, most
studies related to the assessment of the impacts of BD and its
relationship with ESS have been at a large scale (landscape)
and limited studies are available for field scale assessments, and
especially for infield heterogeneity or subfield assessments. The
main reason given for not changing to an AFS is the lack of
AF models and knowledge, especially for the provision of ESS
(Sagastuy and Krause, 2019). Details about modeling approaches
for BD are mentioned in details in sections 4.6 and 5.7.

3.1.4. Soil erosion models, overview, and
potentials for simulation under AFS

Soil erosion (wind and water) is a serious environmental
problem in current agricultural production systems and
specifically, in regions with different elevations and slopes,
as it threatens their sustainability (Magcale-macandog, 2002;
Rodrigo-Comino et al., 2020). It has serious implications for
agricultural production levels, due to the loss of ESS and BD
(Bakker et al., 2007; Panagos et al., 2018). Approximately two
billion hectares of land, which is one-third of the world’s
agricultural soils, are already under threat of degradation, and
the major causal factor (approximately 1.1 billion hectares) is
water erosion (Lal, 2001; Panagos et al., 2015b). Soil erosion
reduces the soil quality and quantity, replenishment of nutrients,
and ultimately negatively affects ESS and the loss of BD
(Powlson et al., 2011; Palm et al., 2014). Soil erosion models
and modeling frameworks (MFW) were developed for large-
scale simulations but have also been applied at smaller scales
(Avwunudiogba and Hudson, 2014; Evans and Boardman, 2016;
Igwe et al., 2017; Bagarello et al., 2018). Most soil erosion models
are simple, physical, and empirical equation and process-
based and have limited applications for field scale predictions,
especially in AFS (Avwunudiogba and Hudson, 2014; Igwe et al.,
2017). Although some have made reasonably good predictions,
there are still limitations, issues and challenges for field scale

assessments in AFS. Each soil erosion model is specific for
a certain management type and widely applied at large and
watershed levels. Detail limitations, challenges, and issues of
each previously developed soil erosion model are described in
section 4.

Although processed-based models have been developed for
field scale assessments, they require large data sets. Based
on the findings for soil erosion modeling under AFS at
the field and subfield levels, the limitations of the existing
soil erosion models and their applications were identified.
Innovative modeling approaches and initiatives are required
in the future to meet the current demands for ESS simulation
with improved accuracy and reliability. Previously, models were
developed but improvement, maintenance, and testing were not
conducted. Similarly, the main issues were the large data set
requirements, complexities in the structure, complex computing
environments, detailed basic knowledge requirements, and the
gradual shift to other models, are among the top factors limiting
their applicability. Each model and modeling framework for AF,
BD, and soil erosion have several limitations in their current
form for use with ESS and BD simulations at field scale.
A modeling framework that can simulate ESS and BD in AFS
with reasonable accuracy and reliability is required to improve
management decisions.

4. Existing models and modeling
frameworks of AF and biodiversity
for ESS simulation

There have been several attempts to model tree–crop
interactions at various levels of detail, including HyPAR (Mobbs
et al., 1998), WaNuLCAS (Van Noordwijk and Lusiana, 1999),
and the SAFE family of models [Hi-SAFE (Talbot and Dupraz,
2012) and Yield-SAFE (van der Werf et al., 2007) that form
the basis for plot-SAFE and Farm-SAFE (Graves et al., 2011)].
There are also models for the interactions of windbreaks and
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crops in the Sahel (Mayus et al., 1998) and AFS based on coffee
trees (van Oijen et al., 2010b). A basic functionality exists for
model trees within the APSIM crop modeling framework, but
there are limits regarding tree–crop interactions (Huth et al.,
2002). These tree–crop interaction models, capture interactions
to variable degrees, but often fall short of accurately predicting
attainable yields for tree and crop components simultaneously
and over a range of conditions (Walker et al., 2007; Bazié
et al., 2012). Furthermore, they are dependent on the model
and the number of ESS simulated. In this investigation, we
considered the simulation potential of these AF models for
above (light) and below-ground (soil, water, carbon, and
erosion) interactions, dynamic processes, and model structures.
The working interactions and simulations of the ESS at the field
scale were also recently applied and tested for their prediction of
ESS and flexibility.

4.1. Yield-SAFE and Hi-sAFe AF models

Yield-SAFE (Yield estimator for long-term design of Silvo-
arable Agroforestry in Europe) is a simple 1 D biophysical
mechanistic AF model (van der Werf et al., 2007). Initially, the
model was developed with only a few equations and parameters.
It has been used for the prediction of farm-scale growth,
productivity, yield, and economics in Europe (García de Jalón
et al., 2018b). Although it is a simple model that consists of
seven equations, it has the potential to simulate biomass and leaf
area, the number of shoots/branches of a tree, soil water content,
and daily total heat (Graves et al., 2010). It includes simple light
capture algorithms and was originally designed to describe an
alley cropping silvo-arable system (van der Werf et al., 2007).
The outputs of Yield-SAFE are used in Farm-SAFE as inputs and
it is also used to calculate economics and profitability (Burgess
and Rosati, 2018). By adding new algorithms to the Yield-SAFE
and Farm-SAFE models, they can be used to simulate ESS like
carbon sequestration, soil erosion, nitrogen and phosphorus
losses, and greenhouse gas (GHGs) emissions (Graves et al.,
2010; García de Jalón et al., 2018b; Palma et al., 2018; Crous-
Duran et al., 2019a). A recently developed 3D AF model is the
process-based dynamic Hi-SAFE model for the estimation of
ESS in AFS (Dupraz et al., 2005, 2019; Luedeling et al., 2016). It
has a unique structure, as it is integrated with a well-developed
crop model STIC (Brisson et al., 1998) that has a general tree
model with the interaction of submodules that simulate light,
water, nitrogen, and competition reasonably well for both tree
and crop components (Brisson et al., 1998; Graves et al., 2010;
Artru et al., 2017; Dupraz et al., 2019).

The model simulates a rectangular scene, which can be
replicated in all directions via periodic boundary conditions. For
a better representation of the competition dynamics, the scene
is divided into “cells,” where each cell grows either a crop or a
tree (Dupraz et al., 2019). Alley cropping (cropped area) and

uncropped area (bare soil) closer to the trees are defined based
on the tree’s position. Furthermore, the cells are subdivided into
separate “voxels” for a better prediction of the below-ground
processes including root densities and water and nitrogen pools
and fluxes (Dupraz et al., 2019).

A new dynamic approach for the modeling of tree root
systems was also developed using the voxel concept (3D
architecture), to control root growth and development while
the carbon allocation to each root segment in each rooted
voxel depends on the water uptake in the voxel during the
previous day, as compared with the overall supply and demand
at the plant level (Mulia et al., 2010). In Hi-SAFE, root
competition is addressed using a 3D opportunistic tree root
growth module while soil water extraction and competition
between plant components are managed at the voxel scale,
allowing for dynamic water extraction in 3D heterogeneous
soil. The new approach considers competition for the extraction
of soil water between the plant components as well as the
effect of the groundwater table (Lecomte et al., 2016). Most
recently, Dupraz et al. (2019) revealed the potential of the model
for the evaluation of AF designs, tree and crop management,
and the simulation of the ESS related to soil, fertility, and
responses to climate change, but this analysis requires a detailed
understanding of the complex processes and interactions. The
Yield-SAFE model is only one-dimensional and thus only
considers some of the horizontal extents of the arable crop.

4.2. Soil changes under agroforestry

Soil changes under agroforestry (SCUAF) is a process-
response model that simulates the effect of specific land-use
systems and soil conditions on crops, forests, and AF (Young
et al., 1998). It simulates the effects of trees on soil carbon
and land conservation and predicts soil loss and productivity
(Nelson et al., 1997). It can predict the differences in soil
properties with crops, forestry, and AF (Vermeulen et al., 1993;
Das and Bauer, 2012). It is a simple model that is used to
assess the changes in crop yield (annual or perennial) due to
changes in the soil carbon, nitrogen, and phosphorus content
with different land uses. Furthermore, it can also simulate
soil loss, the recycling of plant material, and mineral uptake
by plants in a specified system under specific environments
(Young et al., 1998; Ellis and Schoeneberger, 2004). Soil loss
and erosion are predicted using a simplified version of RUSLE,
which is based on climatic conditions, soil erodibility, slope
characteristics, and crop cover factors (Lojka and Posthumus,
2006; Das and Bauer, 2012). SCUAF is not a plant growth
model like the other well-developed models (Mobbs et al.,
1998; Ellis and Schoeneberger, 2004). It is user-friendly and
has a physical environment under different land-use systems
(climate, soil, slope, and initial condition). It can simulate soil
processes reasonably well but lacks above-ground simulations,
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especially for light competition in AFS. The model also has
several limitations in terms of light competition between trees
and crops, nutrients and water, and even growth rates. As
the model works annually, it is unable to predict crop growth
processes at a temporal scale (Young et al., 1998; Lojka and
Posthumus, 2006; Luedeling et al., 2016).

4.3. HyPAR model for agroforestry

HyPAR is a limited “Hybrid” forest model and “PARCH”
(Predicting Arable Resource Capture in Hostile environments)
crop model that was recently used for the evaluation of different
management options under AFS (Mobbs et al., 1998, 2001).
Previously it has been used to predict AF productivity (Muthuri
et al., 2004). Although, it is a biophysical process-based
model and has the potential to simulate light, water, nutrient
competition, and daily carbon allocation, its use is limited
due to complex challenges and poor responses to interaction
processes (Stephens and Hess, 1999; Holzworth et al., 2015).
It works on a daily time step when assessing physiological and
other processes (photosynthesis, respiration, nitrogen uptake,
and transpiration). While canopy light interception is computed
by adopting a disaggregated approach for tree and crop plants.
The 3D approach is also being used for water and nutrient
competition depending on the root length density (Lawson
et al., 1995; Stephens and Hess, 1999; Holzworth et al., 2018).
The crop developmental phases depend on thermal time and
drought but have limitations when simulating microclimates
and the interactions of trees and crops (Mobbs et al., 1998, 2001).
The tree model simulates competition based on physiology
(photosynthesis, stomatal conductance, and transpiration) and
canopy height, while nutrient fluxes are determined at different
soil depths. Physiology and light competition are computed
using a “big leaf” model, which simulates the leaf canopy in
different layers and then considers the average horizontally
across a large plot (Mobbs et al., 1998; Luedeling et al., 2016).

4.4. Water, nutrient, and light capture
in AFS

WaNuLCAS is the most advanced dynamic, process-based
simulation model for AFS. It is an example of a complex
2-D model at the field and plot scale (Van Noordwijk and
Lusiana, 1999). It is the only specialized AFS model that
has been consistently updated, refined, and regularly used
over many years in a range of geographic settings (Khasanah
et al., 2015). It is capable of simulating a wide range of
geometric arrangements and different temporal patterns but
was primarily designed for tropical regions i.e., tree and
crop species. It was last updated in 2011 but is still under
active development and has been widely used by researchers

(Hussain et al., 2016; Boote, 2019; Khasanah et al., 2020). Its
high level of complexity, however, makes it less user-friendly.
The large array of spatial arrangements and processes that are
simulated by the model requires a substantial understanding
of the underlying processes. For the spatial arrangement of
crops and trees, the user can define zones and subdivide them
vertically and horizontally in layers (Figure 2). The user can
also prescribe spatial patterns for tree and crop interactions
(Van Noordwijk and Lusiana, 1998). It has specific modules for
soil water, nitrogen, and phosphorus dynamics, as well as crop
and tree growth and development processes. The soil in each
zone, defined by its distance from the tree, is subdivided into
four vertical soil layers (Figures 1, 2). It requires specific sets of
input data like soil conditions, tree and crop properties, as well
as information about crop and tree management. The flexible
structure allows the configuration of various combinations of
trees and crops for different production systems like mono-
cropping, mix cropping, fallow system, and alley cropping. Tress
can be planted in both zone one and four (which form the outer
zones) (Figure 2), while zone widths and layers can be changed
according to the experimental treatment structure. The below
or above-ground competition can be monitored in each zone
and distance from the tree to crop plants (Van Noordwijk and
Lusiana, 1998; Coulibaly et al., 2014). Details about the core and
submodules are presented in Table 3.

4.5. APSIM-a next generation-AF model

APSIM is a crop model that is widely used in research
and for decision management (Keating et al., 2003). Recently,
APSIM next generation was launched and it includes an AF
module that can simulate crop and pasture production as well as
several important interactions between trees and crops (Keating
et al., 2003; Huth et al., 2010, 2014). Although it is currently
under development, promising results have been reported for
the simulation of ESS under AFS in studies of nitrogen fixation
and how it is affected by trees and legumes crops, how carbon
and nitrogen are influenced by tree litter on soil, the competition
of water and nitrogen between trees and crops, and the lower
crop planting densities near trees (Huth et al., 2002; Dilla
et al., 2018; Holzworth et al., 2018). The model simulates crop
production based on the distance from a tree by considering
user-defined zones. While a simple tree sub-model is added
which facilitates the addition of input data about the tree and
further enables the simulation of interactions. Currently, a
complete dynamic tree model is being developed to simulate
wood production, which will be more dynamic and improve
our understanding of tree and crop interactions. The currently
available APSIM-AF model uses a tree proxy in the recently
released APSIM version. It is a significant step for AF modeling
as, it can simulate tree production (Gliricidia, Faidherbia,
Acacia, and Eucalyptus) by using tree-defined proxies for a
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FIGURE 2

WaNuLCAS 2D spatial discretization with four soil depths (vertical layers) and four distance zones from a tree (horizontal layers), and the same is
applied to the above ground canopy for light competition.

single tree and tree belt examples. While an active tree model
is also being developed for the accurate simulation of tree and
crop interactions. It computes interactions based on zones in
the model and further includes smaller zones (trees) to simulate
the soil and plant processes. It uses the information about
the tree and especially the structure of the tree-like the height
and canopy dimensions, from a smaller zone (tree model) to
calculate effects and interactions. The effects of windbreaks
are also simulated in the current version by computing the
wind speed in the cover of windbreaks as a distance function.
Generally, the height of multiple trees is used to determine the
optical porosity of the windbreaks (Huth et al., 2002; Keating
et al., 2003; Smethurst et al., 2017, 2018). Although, APSIM is
not a basic modeling framework for AFS it has submodules that
can facilitate processes related to trees and the interactions of
trees and crops (Huth et al., 2010). While the AF module showed
good results, it requires improvement in many submodules
for the reliable and accurate simulation of a tree and crop
interaction, and for the simulation of ESS under AFS (Mokany
and Ferrier, 2011; DeAngelis and Grimm, 2014; Smethurst et al.,
2017).

4.6. Biodiversity models and modeling
frameworks for the simulation of ESS
under AFS

Generally, different modeling approaches are used to assess
the impacts of BD on ESS i.e., agent-based models (vegetation
models), mechanistic models, statistical models, and landscape
indicators (Botkin et al., 2009; Guisan and Rahbek, 2011; Chopin
et al., 2019). Agent-based dynamic models are used to assess the
spatial and temporal changes in BD (Kirby and Potvin, 2007).

JABOWA (acronym derived from the last names of the
developers, Janak, Botkin, Wallis) is an example of a forest
gap model (Smith et al., 2016) that simulates the effect of
shading concerning tree height in a small geographical area
and at field scale. There are many other examples of forest gap
models that were previously developed for specific objectives
under certain conditions (Bugmann, 2001). These previously
developed models, however, did not meet the recent modeling
requirements, in terms of combined ESS and BD simulations,
and especially for AFS. While there is a more robust ESS

TABLE 3 Description of the core and optional modules in WaNuLCAS.

Core modules Optional modules

Rainfall interception Grazing

Runoff, infiltration, groundwater Pest and disease

Evaporation at the soil surface Tree parasites

Water in layer, 1–4, water uptake, 1–4, Palm physiology

N and P inputs and leaching Latex production

Litter layer, C, N, P change Rainfall simulator

SOM, C, N, P in layer, 1–4, N, P uptake in
layer 1–4

Hydraulic equilibrium

Light capture Lateral flows

Litter fall, organic input Soil structure dynamics

Tree growth and management Erosion and sedimentation

Tree water and root dynamics N2O emission and CH4

balance

Annual crop sequence Filter functions

Rule-based management Slash and burn land clearing

Crop water and root dynamics Labor accounting

Crop growth and management
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simulation for tree growth, dynamics are also considered in
recent modern gap models (Chopin et al., 2019). The dynamic
vegetation model (DVM), is an example of an indigenous small-
scale forest dynamic gap model, with improved simulation when
compared with Dynamic Global Vegetation Models (DGVMs),
which involve functional plant compositions from mechanistic
models at large scales. Recently, a “Spatially Explicit Species
Assemblage Modeling” (SESAM) framework (Reed et al., 2013)
and Dynamic Framework for Occurrence Allocation in Meta
communities “Dynamic FOAM” (Guisan and Rahbek, 2011)
were proposed by the modeling community, as they consider
the interactions and diversity patterns more explicitly than other
models (Botkin et al., 2009). Different statistical approaches and
equations are also being used to model the simple relationship
for independent and explanatory variables for BD impact
assessments in AFS at a spatial scale for the distribution of
patches (Guillem et al., 2015; Sistla et al., 2016; Chopin et al.,
2019). Different statistical packages in “R” and simple models are
being used for predictions and to assess relationships to make
diversity and BD estimations.

Process-based mechanistic models assess changes in
BD using a range of equations. These models link the
variation among different variables for BD, generally at a
smaller scale, and are helpful to understand the relationship
between species and populations in different communities,
such as the occurrence of sage-grouse with cropland
(Grimm et al., 2017). Such models are process-based and
there are many types, like a biophysical, prototype, and
resource use models that depend on the nature of the
study and can be used to assess BD and its impacts at the
field scale (163). Large data sets at a temporal scale are
required for these models based on multiple continuous
field observations, as this allows for daily simulations
(Arroyo-Rodríguez et al., 2017). The simulation of process-
based mechanistic and vegetation-based models is more
appropriate as they have the potential to account for
the processes and underlying facts (Wang et al., 2016;
Smith et al., 2019).

Landscape indicators can also be used to identify the
state of BD using simple equations without any explicit
model structure. Other indicators used to assess the state
of BD are habitat suitability, crop, and land cover in a
region, as higher habitats showed increased BD, but these
are simple assessments and not true modeling. In studies
related to modeling BD, the processes are simplified to
better adopt the modeling techniques and assess the BD
(Botkin et al., 2009; Chopin et al., 2019). Bayesian hierarchical
modeling is also used for the assessment of BD and the
relationship of ESS with communities in the ecosystem, it is
a flexible approach used to integrate and incorporate different
components at temporal and spatial scales (Grimm et al., 2017;
Ovalle-Rivera et al., 2020).

5. Limitations and key challenges
of current AFS models for the
simulation of ecosystem services
and biodiversity

5.1. Soil protection against erosion at
the field scale

5.1.1. AFS models for soil protection and
conservation

Currently, available AF models have been developed for
certain ESS simulations but are lacking for soil erosion
assessments and soil conservation under AFSAFS (Van
Noordwijk and Lusiana, 1998; Luedeling et al., 2016; Dupraz
et al., 2019; van Oijen et al., 2020). Only a few AF models (Hi-
SAFE and WaNuLCAS) are widely applied for ESS estimations
and others (SCUAF, HyPAR, and HyCAS) have rarely been
tested in recent years. While a few AFS models have been
developed and applied (Mobbs et al., 1998; Van Noordwijk
and Lusiana, 1998; Dupraz et al., 2019), but were not tested
dynamically for soil protection and conservation at the field
scale (García de Jalón et al., 2018b; Onsamrarn et al., 2020).
Models such as HyPAR consequently have limitations regarding
basic soil processes, as its simulations of water, runoff, soil water
storage capacity, drainage, and water holding capacity are poor,
which means it is unsuitable for soil erosion and conservation
estimations. Simple empirical and physical relationships are
used for runoff simulations at different rainfall intensities
and depend on the function of the slope, surface roughness,
vegetation cover, and saturation of the soil but have limitations
in dynamic simulations at the plot-to-field scale under AFS
(Mobbs et al., 1998, 2001). Limited AF models (Hi-SAFE,
APSIM-AF, and WaNuLCAS) have functional modules for soil
erosion but to the best of our knowledge, these have not been
widely tested, and most of these models lack proper simulations
for AFS, especially at the field scale. The SCUAF model estimates
the effects of hedgerow intercropping and reduced tillage for the
control of soil erosion. It supports farm management decisions
regarding the adoption of hedgerow intercropping and reduces
the erosion effect (Das and Bauer, 2012). It has also been used
for soil erosion prediction under different vegetation covers
(shrubs and perennial grass) (Lojka and Posthumus, 2006),
and has been applied to model the changes in erosion within
various AFS like maize and Miombo woodlands. The Hi-SAFE
model also has limited applications for soil erosion and is
limited regarding the dynamic processes at the plot-to-field
scale. Although it can be modified and utilized for soil erosion
under AFS, this has not yet been widely reported (Luedeling
et al., 2016; Dupraz et al., 2019).

Recent advancements in the APSIM-AF module are being
assessed, but they have rarely been applied and tested in
soil protection and conservation studies (Huth et al., 2002;
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Smethurst et al., 2017). Soil erosion processes are simulated
with the aid of the Freebairn erosion module, which is a
modified form of the USLE equation (Hagen, 2004) and the
rose equation for sediment concentration function (Hagen et al.,
2009). Erosion is simulated by considering the surface cover
and runoff and uses slope-length, erodibility, and supporting
practice factors. The surface cover value is derived from the
surface organic matter module and accounts for combined crop
and residue covers on the soil surface. Currently, the soil erosion
module does not explicitly include a crop management factor
but the supporting practice factor is used for cover crops. While
soil erosion simulations have not been tested in AFS to evaluate
the effects of trees and hedges on soil erosion and their ability to
act as a soil barrier to prevent soil loss at different slopes at the
field scale (Nerger et al., 2017; Smethurst et al., 2017).

WaNuLCAS also did not meet the recent interest and was
not developed, especially for the simulation of soil protection
and conservation. Complexities in the model lead to lower
adoptability and wider application. Although it has been widely
used for the simulation of ESS under AFS at the field scale and it
has a sub-module for water-induced soil erosion and different
possible management options, it can be simulated to see the
effect of trees and crop combinations on runoff and soil losses
(Pansak et al., 2010). The physically based rose equation for the
prediction of runoff and soil loss is used but still, but this module
has not yet been well tested. Although it can simulate temporal
dynamics of the soil structure, other aspects related to runoff
and especially soil loss have only been satisfactorily predicted
on a limited scale in a hillside cropping system (Pansak et al.,
2010). Although its application for the simulation of ESS is still
limited, there have been studies on the promotion of ESS and
soil conservation, as these sub-modules are not fully developed.
Furthermore, the model structure and data requirement-related
complexity make it less user-friendly (Fryrcar et al., 2001; Paul
et al., 2017).

Most AF models and developed frameworks have adopted
dynamic processed-based approaches to simulate soil erosion-
related processes, and they range from simple 1D to complex
3D models (Holzworth et al., 2018; Dupraz et al., 2019). Most
available soil erosion models are simple, physical, and empirical,
and were developed for large-scale use and consequently, are
rarely used for field scale or AFS level assessments of soil
erosion and conservation. Process-based models are also being
applied at both large and small scales with different management
strategies (Huth et al., 2002; García de Jalón et al., 2018b; Jiang
et al., 2019). The complex interaction processes in AFS and the
unavailability of long series of dynamic data are possible reasons,
however, for the limited development of innovative dynamic
processed-based models for soil processes, soil erosion, and
the interaction of hedgerows and crop plants. The function for
wind erosion and to simulate the effects of windbreaks (reduced
wind speed and soil loss by wind) are limited in the previously
discussed AF models (Mayus et al., 1998; Huth et al., 2002;

Dupraz et al., 2019), but there are simple empirical and physical-
based models available like SWEEP (Hagen, 2004; Hagen et al.,
2009; Nerger et al., 2017), RWEQ (Meyer et al., 2001; Pi et al.,
2017; Jiang et al., 2019) and WEPS (Hagen, 2004; Laflen and
Flanagan, 2013; Li et al., 2014).

5.1.2. Soil erosion models and modeling
frameworks for soil protection and
conservation simulations at field scale

Most soil erosion models that have been developed for soil
loss assessments are physical and empirical-based, while some
use a process-based equation (Avwunudiogba and Hudson,
2014; Igwe et al., 2017). Universal and revised universal
soil loss equations are currently lacking sediment deposition
processes (Wischmeier et al., 1978; Wischmeier and Smith,
1978), while process-based physical models like the European
Soil Erosion Model (Morgan et al., 1998) are lacking simulations
for saturation overland flow and erosion by the ephemeral
gullies. RUSLE is an empirical model, and consequently, it does
not consider the detachment of sediments or take runoff into
account (Igwe et al., 2017; Alewell et al., 2019). This model
instead focuses on soil erosion estimations at the landscape level
with clear land (without vegetation), and it was not originally
designed for forest and AFS. Its application is limited to the
stream bank and gully erosion and hence its applications for AFS
at field scale are limited (Panagos et al., 2015a, 2018; Alewell
et al., 2019), however, it can be used with modifications to the
AFS equation (Panagos et al., 2015a, 2018; Alewell et al., 2019).

The Watershed Erosion Prediction Project (WEPP) is a
process-based physical distributed complex model that showed
good results for small catchments and at the field scale levels
for soil loss and erosion estimations, but it requires a large
and detailed data set for accurate prediction. It is useful for
the prediction of soil erosion impacts with different levels of
vegetation for forest management, it shows that organic matter
and nutrient loss are lower under tree systems (Zhang and
Liu, 2005). It requires modifications to assess spatial soil and
vegetative cover variability, and only a limited number of studies
have assessed AF at large and field scales (Chandramohan
et al., 2015; De Mello et al., 2016). Griffith University Erosion
System Template (GUEST) is a physical model that works
at the plot scale and field level, it simulates runoff and
sediment concentrations but has only been tested for AF at
field and subfield levels (Igwe et al., 2017; Hajigholizadeh et al.,
2018). The rose equation is used for erosion and deposition
processes (Brisson et al., 2003). Productivity, Erosion, and
Runoff Functions to Evaluate Conservation Techniques is a
physical-based model, and while it was developed for field scale
use, it could potentially be used to assess the effects of crops
while sediment yield is simulated using MUSLE. It considers
the water balance and runoff and could potentially simulate
crop growth and yield. It incorporates the planting sequence
and harvesting, can manage the stubbles during fallow, and
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be used for AFS with proper modifications (Alewell et al.,
2019). Although EPIC is a cropping system, it can simulate
soil erosion (Williams et al., 1983, 1989). Consequently, it
has been widely applied to assess soil erosion when different
management practices for forests and trees are used, but studies
are limited regarding the accurate predictions in AFS at the field
scale. It uses RUSLE, but is still flexible and can be used with
modifications in AFS to consider the interactions of trees and
crops (Stolpe, 2005; Williams and Renard, 2015; Maharjan et al.,
2018). EPIC has been widely applied to assess soil erosion under
different management practices for forests and trees, but studies
regarding the accurate prediction of soil erosion under AFS have
been limited.

Many empirical and physical equation-based models are
widely used for soil erosion estimations at a large scale but
are limited for field-scale measurements. While processed-based
models are also being applied at both spatial and small scales
with different management strategies but have had limited
developed for the assessment of soil erosion at field and subfield
levels (Huth et al., 2002; Jiang et al., 2019). Each model is
thus specific for certain management strategies and widely
applied at large and watershed levels. Although processed-
based models have been developed and applied for the field
scale level they require larger data sets. Soil erosion modeling
for AFS at both the field and subfield levels has shown that
there are limitations in the existing soil erosion models and
their applications. Furthermore, research and development
for specific soil erosion dynamic process-based modules is
required for accurate and reliable predictions, the management
of AFS and for the provisions of ESS and BD conservation for
sustainability.

5.2. Onsite water retention to prevent
flooding

AFS could potentially conserve soil through the prevention
of floodings, such as reduced runoff, increased infiltration
by hedgerows, and the addition of liter and organic matter
(185, 186). However, AF models have limitations in terms
of their water retention estimations and flood measurements
due to their complex structures. Efforts have been made in
a few AF models, but there are still limitations as these
models lack accurate estimations for these effects under AFS
(Wösten et al., 1998; Pansak et al., 2010; Dufour et al., 2013;
Onsamrarn et al., 2020). Among the AF models, HyPAR
is rarely used, in part because it has poor simulations for
hydrological properties (infiltration, water storage capacity,
drainage, and water holding capacity) and lacks accurate
function estimations for water retention and flooding. Simple
empirical and physical relationships are used for the simulation
of runoff but they are limited for accurate dynamic process-
based simulations (Mobbs et al., 1998, 2001; Luedeling

et al., 2016). Soil organic carbon correlates with hydrological
properties, but models are generally poor at making accurate
estimations for carbon allocation to different components
as it follows simple algometry rules. Tree and crop root
competition for water is poor and the plasticity of tree rotting
systems is not considered in the majority of below-ground
resource allocation and sharing for AFS (Das and Bauer, 2012;
Holzworth et al., 2015).

Hi-sAFe also has limitations for soil water competition and
interactions, and especially for horizontal soil water which is
not modeled when integrating STICS into a 3D heterogeneous
environment (Brisson et al., 1998; van der Werf et al., 2007).
As both model structures are different, it makes the model
structure complex, and especially the communication between
the two different models and algorithms used to aggregate and
disaggregate between the 1 cm thick mini layers of STICS and
the ∼20 cm thick voxels of Hi−sAFe (Brisson et al., 1998;
Kay et al., 2019). The model has difficulty making accurate
simulations for flooding, water infiltration, water holding, and
runoff estimations at different rainfall intensities, as it assumes a
homogeneous soil depth D (m) and volumetric water content
(Lecomte et al., 2016; Dupraz et al., 2019). The APSIM-
AF model could potentially simulate ESS in AFS, but has
limitations in terms of waterlogging, water flux, infiltration,
runoff, and water flooding especially due to pre-defined crop
zones. As below-ground interactions between trees and crops
are calculated by the APSIM Soil Arbitrator module, which is
concerned with the competition among zones, it is assumed that
there are no fluxes of water among the zones (Smethurst et al.,
2017). Water demands are determined by the tree leaf area using
APSIM standard algorithms, which may not result in accurate
simulations (DeAngelis and Grimm, 2014). The modules used
in the APSIM next-generation model have limited abilities to
assess soil hydrological properties like runoff, drainage, and
infiltration. The model appears to work well for water stress
and nitrogen but needs further development to assess nutrients
and a boarder range of trees and crops. Furthermore, extensive
assessments of its application in contrasting environments to
estimate water retention and prevent flooding in AFS are
required (Smethurst et al., 2017; Holzworth et al., 2018).
Submodules in WaNuLCAS calculate the infiltration and runoff
based on rainfall intensity, time for rain interception, surface
cover, and soil slope, and the rose equation is used for
flooding and soil loss (Brisson et al., 2003; Heinlein et al.,
2008; Francaviglia et al., 2012). Several factors control the
soil loss, while runoff is only affected by the infiltration rate.
Pedo-transfer functions based on soil texture, soil structure,
soil organic matter, and bulk density are used to estimate
the saturated hydraulic conductivity (Cardinael et al., 2015).
It can simulate the temporal dynamics of soil structures but
other aspects like runoff and flooding have only had limited
satisfactory predictions on a hillside (Pansak et al., 2010).
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5.3. Carbon sequestration and soil
biodiversity

AF improves soil health through the provision of
microorganisms by adding leaves and liter, which ultimately
enhances SOC, nitrogen availability, and soil biodiversity
(Wise et al., 2007; Powlson et al., 2011). Several models have
reportedly been used for carbon sequestration and soil health
in cropping systems. Studies are limited though for AFS, as
models showed limited potential for the simulation of long-
term carbon sequestration, soil organic carbon, the amount
of liter (leaves), biomass, and the yield of trees and crops at
the field scale (Lojka and Posthumus, 2006; Wise et al., 2007;
Nabuurs et al., 2008; Malézieux et al., 2009; Cardinael et al.,
2018; Burgess et al., 2019). However, SCUAF has been used
for the last 20 years to predict different management scenarios
for hedgerow intercropping and AFS but limitations were also
identified in terms of the reliability of the carbon sequestration
predictions. Although, several models have been suitable in
simulating the interactions of trees and crops they are not
suitable for SOC dynamics in deeper soil layers and SOC storage
in AFS (Palma et al., 2007b; Burke and Poncé-Hernandez,
2014; Dilla et al., 2019; Abbas et al., 2020). The CENTURY
model has the potential to simulate SOM and soil biodiversity
under AFS (Cardinael et al., 2018) but has not been recently
tested. Previous studies of SOC predictions for carbon stocks
in tropical and temperate AFS, used a single-layer modeling
approach (0–20 cm) but did not assess the deep soil layers
(Muthuri et al., 2004; Cardinael et al., 2018). Simulations
of vertically discretized soils are important to consider in
modeling, especially in AFS for soil organic carbon stocks, but
to the best of our knowledge, vertically spatialized SOC models
have not yet been tested.

Other soil and biodiversity-related models have also had
limited testing, especially at the field scale (Botkin et al.,
2009; Chopin et al., 2019). Similarly, the uncertainties and
challenges for the accurate predictions of CO2FIX were also
previously reported and require improvements for carbon stock
calculations (Mäkipää et al., 2012). Carbon allocation is also
not satisfactory in the HyPAR model as it follows simple
allometry rules for carbon allocation to different components
as tree height is deduced from the tree diameter in the tree
model. Tree and crop root competition for carbon is poor
and the plasticity of tree rotting systems is not considered in
the model. While the most below-ground resource allocation
and sharing is satisfactory and a mixed continuous and
disaggregated approach is used in the model which is not
satisfactory for AFS (Mobbs et al., 1998; Das and Bauer,
2012; Holzworth et al., 2015). Several modeling studies of
BD assessments showed that AF promoted soil biodiversity
which improved environmental performance in Europe. The
effects of the environment are simulated by the Hi-SAFE model
by modifying the existing modules and algorithms. Carbon

sequestration, SOC, SOM, nitrogen leaching, and landscape
diversity indicators were compared with arable systems. While
carbon sequestration and landscape diversity were promoted,
overall, there was a positive impact on ESS and BD (Amadi
et al., 2016). Positive relationships between ecosystem functions
and plant diversity, such as for carbon sequestration, have
been well known in various ecosystem models, but the nature
of the processes is complex (Sistla et al., 2016). There are
limitations in the currently available AF models, especially
for the true soil processes and the competition between trees
and crops under AFS. The AF model in APSIM was used
to simulate the soil carbon interactions for maize crops with
gliricidia, under different management options, such as different
proportions of trees and crops. The results were satisfactory, but
the authors recommended further testing under a wide range of
environmental conditions and management options (Smethurst
et al., 2017).

5.4. Reducing GHG emissions

GHGs emissions are increasing, especially in intensive
agricultural systems, and this leads to global warming and
climate change (Xing et al., 2011; Moore et al., 2014). AF
practices have the potential to reduce GHGs emissions by
sequestering carbon into the soil and wood and by enhancing
nutrient cycling, as tree roots better utilize nutrients in deeper
layers (Williams et al., 2010; Burke and Poncé-Hernandez, 2014;
Ajit et al., 2017; Khasanah et al., 2020). GHG emissions are
directly related to the SOC levels in the soil for the biological,
physical, and chemical processes, especially in tropical and
temperate regions, and AFS regulates and normalizes the soil
processes and reduces GHG emissions (Young et al., 1998;
Parton et al., 2015). Several physical and process-based models
(FullCAM, DayCent, DNDC, APSIM, WNMM, and AgMod)
were developed and applied to estimate GHG emissions in
cropping systems, but these models have uncertainties and
limitations for carbon fluxes, carbon sequestration, and CH4

emissions at a large scale (Holzworth et al., 2014). While
dynamic process-based biophysical and biogeochemical models
have had limited development, but are applied in AFS at plot-to-
field scales. While the currently available and used AF models
(SCUAF, HyPAR, Hi-SAFE/Yield-SAFE, ICBM, WaNuLCAS,
and APSIM next generation AF) have basic limitations and
challenges for GHGs emission simulations, and so, are rarely
used for this purpose (Parton et al., 2015; Luedeling et al., 2016).

While simple statistical and empirical-based models have
been developed and used for GHG emission estimations, such
as the Holos model which takes into account CO2, N2O,
and CH4 emissions, as well as C sequestration from tree
plantings and changes in land use and management (Williams
et al., 2010). While dynamic process-based biophysical and
biogeochemical models have had limited development and
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application in AFS at the field scale. AF models also have
limited functions for the simulation of GHG emissions; for
example, the Yield-SAFE model uses the LCA equation to
derive carbon dioxide emission equivalents (CO2e) that are
associated with geochemical processes, but does not consider
N2O emissions and has not been extensively tested (García de
Jalón et al., 2018b; Crous-Duran et al., 2019a). The CENTURY
and RothC (Rothamsted) models were developed and applied
to assess soil carbon, SOM, and GHG emissions, but they do
not provide accurate predictions for the carbon cycle under
tropical AFS (Bolinder et al., 2006; Ilstedt et al., 2007; Palma
et al., 2007b). SCUAF also considers gas losses but has not
been extensively tested in AFS for fertilizer management and
GHG emissions (Connolly et al., 2002; Nabuurs et al., 2008).
The ICBM model also has limitations in terms of the residue
decay rate and C inputs for the reliable prediction of C stocks
and the limited application of GHG emissions in AFS in
contrasting environmental/weather conditions (Kätterer and
Andrén, 2001; Andrén et al., 2004; Bolinder et al., 2006).
Furthermore, advanced and developed models like APSIM-AF
have not been tested in various types of AFS. Soil processes
like immobilization and mineralization are determined based
on the C: N ratio and the N2 to N2O emissions are computed
by denitrification, but they require modification (APSIM-SoilN
module) to accurately consider the competition, including SOC,
water, and nutrients, between tree roots and crops (Young et al.,
1998; DeAngelis and Grimm, 2014; Holzworth et al., 2014).
Similarly, non-functional modules for WaNuLCAS are available
for GHG emission estimations but need to be further developed
and consider applications in contrasting environments (Van
Noordwijk and Lusiana, 1998; Khasanah et al., 2020; Tenreiro
et al., 2020). Efforts are required for the development of reliable
and accurate modeling platforms that also have the potential to
consider soil processes properly, especially those related to SOC
and GHG emissions under AFS.

5.5. Increasing groundwater recharge

Groundwater recharge can be determined using a variety
of factors such as geology, topography, vegetation cover, soil
type, and management. This information is crucial for water
availability estimations concerning the aquifer recharge in
water-scarce regions. AF affects the infiltration capacity and
groundwater recharge more than mono-cropping systems or
grasslands (De Souza et al., 2019; Tenreiro et al., 2020). AFS
can be effective for reducing and halting deeper drainage
by enhancing the uptake of superficial water, even from
water-logged zones through deeper roots. AF has positive
environmental effects that reduce soil salinization but modeling
of these aspects is currently limited. Modeling the below-ground
competition for water is still a challenge under AFS for accurate
estimation of water balance, infiltration, and drainage in deeper

layers. Limited studies available where WaNuLCAS was used for
soil water balance, drainage, and evapotranspiration simulation,
results showed poor estimation for groundwater recharge, and
improvements are required for better results to consider the
competition between trees and crops (Boote, 2019; Onsamrarn
et al., 2020). Although infiltration and water recharge capacity
is being simulated but has limited tests (García de Jalón et al.,
2018b; Onsamrarn et al., 2020).

HyPAR also has limitations for the dynamic simulation of
basic processes related to water, infiltration, and groundwater
recharge especially when considering the interactive
competition for water between crops and trees (Mobbs
et al., 1998, 2001; Luedeling et al., 2016). Previously, only a small
number of studies reported on the simulation of groundwater
recharge in AFS by applying the HyPAR model. Hydrological
processes (infiltration, groundwater recharge, and runoff) in
AF models are poorly estimated as the water module is partially
working in SCUAF, which is based on soil carbon and defines the
water holding capacity and runoff (Young et al., 1998; Lojka and
Posthumus, 2006). Functions were developed for the Hi-SAFE
and Yield-SAFE models to determine a soil water balance but
they lack validation and broad-range spectrum testing under
contrasting environments with different scenarios (Lecomte
et al., 2016; Dupraz et al., 2019). APSIM with SWIM modules
can simulate the hydrological properties like an infiltration,
runoff, and water balance, and deep drainage under cropping
systems (Zhang et al., 1999), but did not truly test for ground
recharge and had limited capabilities for waterlogging (Zhang
et al., 1999; Holzworth et al., 2018). Capillary rise function
and infiltration effect estimations are important modeling
approaches for the accurate estimation of water balance and
drainage, especially in shallow water table regions, but both
approaches are poorly considered in AF models and especially
in the APSIM tree proxy model (Smethurst et al., 2017; Isaac
and Borden, 2019).

All currently available AF models have inherent limitations
in their structures as they have been developed for limited and
specific ESS. Furthermore, the complexities of the tree–crop
interactions, especially below-ground competition for resources
such as water, are not yet fully understood. These limitations
create difficulties for ESS simulations and provisions. The
BALSEQ model (acronym of SEQuential BALance) has the
potential to estimate groundwater recharge but depends on the
differences between soil water content and the water stored in
layers. However, this model has not yet been tested in AFS and
has limitations, as it did not work properly when the water
table or capillary effects were in contact with the tree roots,
which affect evapotranspiration (Kay et al., 2018). Previously,
the TOPOG_IRM model (Palma et al., 2016) was also tested for
groundwater recharge but the vertical soil moisture dynamics
that were assumed to happen in isothermal, non-hysteretic, and
isotropic ways, and it also had limitations and was not tested in
AFS. In short, all the models currently available face limitations
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and challenges when estimating groundwater recharge in AFS.
Serious effort is required in the future to develop reliable
modules for groundwater estimations in AFS.

5.6. Reduction of N leaching,
pesticides, and herbicides

The estimation of N leaching is crucial to understand water
quality, and as AF practices claim to reduce environmental
impacts and groundwater pollution by reducing nutrient losses
and herbicides and pesticides leaching into the groundwater
(Suprayogo et al., 2002). Nitrate leaching in the deeper
layers of the groundwater strongly depends on the soil water
balance. Different types of simple to complex empirical,
physical, and process-based models have recently been used for
nutrient leaching estimations, but each has specific limitations.
Generally, the available models consider the C:N ratio for
modeling the mineralization and immobilization of nitrogen in
a one-dimensional soil plant atmosphere continuum. Nitrogen
modeling for all components of the system, including leaching,
is more complex and especially in AFS, as some models focus
on specific fluxes and ignore others (Young et al., 1998; Ilstedt
et al., 2007; Holzworth et al., 2014). The modeling of each flux
is important as these are interdependent, like the amount of N
released from the residue decompositions under AFS and the
way of modeling nitrogen losses and immobilization. Nutrient
retention and leaching (N and P) can be assessed with the simple
empirical model MODIFFUS in AF but the does not account for
dynamic processes and interactive competition between the tree
and crop (Van Noordwijk and Cadisch, 2002; Kay, 2018).

Yield-SAFE estimated that 28% of N leaching can be
reduced in high-risk areas but this also depends on the
tree density (Palma et al., 2007a), as N leaching is modeled
using the equation proposed by Feldwisch, in which the soil
water exchange factor and leaching are estimated from excess
nitrogen. Yield-SAFE was found to predict lower N leaching
levels based on the competition in the tree–crop interactions,
using a model of the downstream approach that did not
consider N dynamics, i.e., the relationship with yield, but
further tests are required in different AF systems and under
contrasting environments (Meier et al., 2020). Similarly, Hi-
SAFE has the potential to simulate N leaching in AFS (Burke
and Poncé-Hernandez, 2014; Cardinael et al., 2018). Horizontal
soil water and nutrient fluxes are not considered in the model,
which may limit its application for AFS on hillslopes (Brisson
et al., 1998; Kay et al., 2019). WaNuLCAS has also been used
for the prediction of mineral nitrogen leaching, the effect of
nutrient limitation on tree and crop production under different
combination patterns and ecosystems (Radersma et al., 2005;
Walker et al., 2007; Shrestha and Datta, 2015; Pardon et al., 2017;
Paul et al., 2017). Although it was previously used in cropping
systems, there are challenges regarding the accurate simulation

of the N process and leaching in AFS. Furthermore, the
adsorption coefficient and retardation factors in the N-module
for NO3 and NH4 to improve the N leaching, especially for
hedgerow intercropping, require further refinement. Improving
water retention will reduce N leaching, especially during higher
rainfall intensities. Increased tree root length densities are
required to improve predictions for leaching and complete N
uptake (Van Noordwijk and Lusiana, 1998).

While APSIM simulates the N fluxes, it needs to maintain
N concentrations related to the potential growth of organs
to improve the N threshold (Holzworth et al., 2018). The
harvested organs are removed from the system, but the residues
with their specific C: N ratios typically remain in the field
and the residues are mineralized depending on various factors
in the field where immobilization is not accurately simulated
and this leads to uncertainty in N leaching (Hagen, 2004;
Khasanah and Mulia, 2012; Rival, 2018). Efforts are required to
improve the capability and reliability of models for improved
simulations of complex environmental issues, like nitrogen
losses and leaching (Holzworth et al., 2018). Limited functions
and capabilities are available in AFS models for the estimation
of pesticide and herbicide leaching to groundwater, for example
(Noordwijk et al., 2015), the leaching of metribuzin herbicide
through the soil profile was estimated using the RZWQM and
PESTFADE models under field conditions but the results were
unsatisfactory. Currently, pesticide transport models are not
well developed and are unavailable for AFS (Dupraz et al., 2018).
The application of AFS models for N, pesticide, and herbicide
leaching are limited due to the restricted capabilities for
complex interactions, inadequate flexibility, data requirements,
and parameterization challenges.

5.7. Biodiversity conservation and
assessment in AFS

Assessing BD in AF is a complex process and developing a
process-based dynamic model that has the potential to consider
all processes contributing to BD is challenging. Previously,
simple to complex process-based models was developed and
used at a large scale for forestry and on a limited scale for
agroforestry but they had limitations in their simulations of
BD. Different submodules are currently being developed to
address this, but they still require vigorous testing (Udawatta
et al., 2019). Although several models have been developed
that were shown to make reasonable estimations, there has
been a limited focus on BD at the field scale and a lack of
dynamic processed-based simulations for its aspects in AFS
(Malézieux et al., 2009; Mokany and Ferrier, 2011; Smith
et al., 2016; Araújo et al., 2019). Simple empirical to complex
process-based BD models are also being used to assess BD
and ESS in forestry and AF, such as agent-based vegetation
models, DVM, DGVMs, SESAM, dynamic FOAM, forest gap
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models, mechanistic models, statistical models, and landscape
indicators (Botkin et al., 2009; Malézieux et al., 2009; Guisan
and Rahbek, 2011; Chopin et al., 2019). Prediction is good
in some cases as there is a more robust simulation of ESS
that is related to tree growth and dynamics have also been
considered in recent modern gap models. Some AF models are
appropriate, however, and have the potential to simulate the
new management strategies for the enhancement of BD and
ESS, including environmental and production benefits. APSIM
and Hi-SAFE are the examples recently used for the provision
of BD under AF but each model does have some limitations,
while different submodules are being developed, they have not
been tested recently (Udawatta et al., 2019). A substantial effort,
including new modeling approaches, will be required in the
future to develop a more focuses approach to this research
and should consider integrations with dynamic processed-based
models to improve the simulation of BD.

6. Key challenges for the dynamic
simulation of process-based
models in AFS

6.1. Complexity in practices,
management, and resource
competition

AFS is more complex than mono-cropping or intercropping
as it deals with more interactions and ESS at the same time.
There is complex competition at the spatial and temporal
scale for interactions and nutrients, light, water and other
resources between trees and crops in AFS (Cardinael et al., 2015;

Khasanah et al., 2015; Noordwijk et al., 2015). Tree and crop
species, however, have different needs and strategies when
competing for resources at both the spatial and temporal
scales. Furthermore, AF provides provisions for BD, making the
system more complex and the required models are challenging
to develop. Different approaches and strategies have been
used to model ESS and the competition at different scales
but comprehensive and detailed modeling formworks are still
required to simulate these interactions accurately, even at the
field scale (Palma et al., 2007a; Hussain et al., 2016; Luedeling
et al., 2016; Smethurst et al., 2017).

6.2. Spatial and temporal domains and
competition for water and nutrients
under AF

Modeling the interactions in AF at both temporal and
spatial scales is interesting, and this interaction leads to
above and below-ground competition, which ultimately affects
resource utilization efficiencies. Simple hypothetical horizontal
and vertical zones drawing the spatial distributions of trees
and crops in different proportions, which ultimately affect
light, water, and other resource competition, are presented
in Figure 3. It is a simple replica of reality and simple
models should also follow this concept, and this is seen
with WaNuLCAS. AF models should be capable of simulating
all resources and competition with reliable predictions when
considering both vertical and horizontal competition within
different strata, as it is quite crucial for above and below-
ground predictions (Artru et al., 2017; Palma et al., 2018).
Flexible modeling approaches are required to consider the
spatial arrangements of trees in AFS in combination with

FIGURE 3

Sketch of the spatial hypothetical distribution of soil, water, and light in different zones, strata, and layers and the competition that exists
between trees and crops in agroforestry systems and a simple and complex model of AF.
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annual crops. Competition for resources like light, water, and
nutrients requires more attention, as these are crucial, and
there are complex interactions to consider, such as the shadow
of a tree if it is taller than the crops. Trees are generally
deeply rooted (>10 m) when compared with crops (<10 m)
and there is more competition in the upper soil layer and
comparison with the lower subsoil layer but modeling of these
parameters requires further consideration as many developed
AF models lack reliable simulations of these parameters/ESS
(Van Noordwijk and Lusiana, 1998; Cardinael et al., 2018;
Dupraz et al., 2019). Studies have also revealed that tree roots
prefer the water from surface zones, especially when the fine
roots of the tree compete for water and nutrients in the upper
layer and interactions become more complex, but this is varied
due to the influence of many factors, such as rainfall and nutrient
availability in the soil, which are challenging to model in AFS
(Walker et al., 2007; Hussain et al., 2016; Dupraz et al., 2019).
The modeling of water competition in AF systems for spatial
dimensions is also challenging, as many factors contribute and
affect the life cycle, phenology, roots, and nature of plants (Mulia
et al., 2010; Dupraz et al., 2018).

6.3. Light and radiation spatial and
temporal distribution and competition
under AF

Similarly, the competition for light is also a key challenge
(Lecomte et al., 2016; Artru et al., 2017; Dupraz et al., 2019)
when developing models for reliable results and decision
management in AFS. Trees affect crops and soil by shading
and reducing the amount of light that reaches the ground,
but many factors affect the amount of radiation, like tree
canopy, height, tree row direction, leading area, the spread of
the tree canopy, and pruning management in different seasons
(Wiles and Wilkerson, 1991; Friend et al., 1997; Parveaud et al.,
2008; Cardinael et al., 2015). Assessing the qualitative effects
of shading and the interactive effects within a microclimate
and their impacts on crop growth is also quite a complex
process. While negative and positive effects are present at the
same time, for example, shading reduces the radiation and
photosynthesis in crop plants while at the same time reducing
the air temperature and increasing humidity in the trees which
protects crop plants from hot climates, especially in arid and
semi-arid environmental conditions. Previous studies found
that trees significantly reduced sunlight, radiation, and light
interception effects on crop growth and yield, especially cereals
crops in the AFS. However, this depends on the nature of the tree
species, canopy, and crop plants grown under the trees (Bazié
et al., 2012; Artru et al., 2017).

Many tree models and AF models consider the effects of
light and interception on crops (227), while recently researchers
focused on more sophisticated models for the simulation of
light. The light module is well developed in some AF models

like Hi-SAFE, HyPAR, and WaNuLCAS and has the potential
to simulate interactions and competition (Burgess and Rosati,
2018; Moreno et al., 2018; Plexida et al., 2018; Dupraz et al.,
2019; Santos et al., 2019; Khasanah et al., 2020), while it
is partially developed and the results are not as reliable in
other models like SCUAF (Young et al., 1998; Luedeling et al.,
2016). Light competition between trees and crops is simple, a
proportion of solar radiation intercepted by the trees is only
defined based on the LAI of a tree and the light extinction
coefficient in Hi-SAFE (van der Werf et al., 2007). While
subsequent work has revealed that it is essential to change the
value of the light extinction coefficient with the development
of the canopy (Keesman et al., 2011). The schematic diagram
for light competition between trees and crops, and for a simple
hypothetical model as above-ground part i.e., the canopy of
tree and crop is divided into different vertical zones/layers to
find the light competition as followed in WaNuLCAS model is
presented in Figure 4, it may adopt to develop the simple to
complex model for light completion to consider the tree and
crop interaction for light and radiation.

7. Ways forward and options for
the integration of agroforestry,
ESS modules, and biodiversity
models in dynamic
processed-based modeling
frameworks for the simulation of
ESS and biodiversity in AFS

7.1. Challenges for the coupling and
integration of models

The results of this extensive review have revealed that
models either belong to agroforestry, BD, or soil erosion
categories and they each have constraints and inherent issues
for dynamic process-based predictions of ESS and BD at
a field scale. Future modeling approaches are required to
focus on ESS simulations and decision-making, by developing
dynamic process-based field scale models for AFS to achieve
SDGs (Table 1). Modelers and scientists may consider different
approaches like the coupling modeling approaches (low to
high level), integrating models (soil erosion, BD, and AF) at
the source code level, or adopting the modeling framework
coupling approach where models are coupled using a coupler
to produce dynamic simulations at the field scale for ESS
and BD estimations (Siad et al., 2019). Furthermore, it has
been proposed that predictions would be improved with
a combination of different suitable modeling approaches
and dynamic processed-based models or frameworks (crop
modeling framework) to integrate/combine at a different level
to get accurate and reliable estimates of ESS at the field scale
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FIGURE 4

Schematic diagram of light competition between trees and crops for a simple hypothetical model including the above-ground part and canopy
of the tree and the crop is divided into different vertical zones/layers to identify the light competition (a similar pattern is used in the WaNuLCAS
model).

for improved better decision support and sustainability of
AFS. While the modeling integration approaches/techniques
should also simulate the basic mechanisms and processes
of different crop and tree management strategies for soil
erosion, ESS, and BD in AFS, from the field to regional
scales. Combining these modeling approaches or coupling
them in a modeling framework to develop a more processed-
based modeling platform that is also simple, flexible, and
easily understandable for the stakeholders like researchers and
decision-makers is a challenging process. There are many
interactions and competition between trees and crops, as has
been mentioned in the previous section, that is still challenging
to consider and model.

7.2. A dynamic process-based crop
modeling framework

Crop models and MFW have already been developed
and recent advancements have been considered as dynamic
simulations (a process-based mechanism) (Jones et al., 2017).
Crop models are flexible as new crops can be added, and hence
these models and frameworks can be used in combination
with AF models without major modification. The required
modeling approaches for ESS and BD can be taken from their
respective models and coupled within this framework for the
simulation of ESS in AFS at a field scale. But it is challenging,
as crop models are only specific for growth simulations when
considering temperature and solar radiation (Jones et al., 2003;
Keating et al., 2003; Wajid et al., 2013; Awais et al., 2017;
Rahman et al., 2018, 2019; Sezen et al., 2021). Still, many changes
are also required for the above and below-ground competition
between trees and crops, as conditions are different in AFS.
The microclimate is different in the trees and competition for
light, water, and nutrients become more complex. It is critical
that all these processes are considered, and even challenged in

process-based dynamic models, as major physiological processes
will be affected due to the presence of trees when compared to
mono-cropping (Lawson et al., 1995; Lott et al., 2009). However,
substantial efforts and modeling research work is required, as
recent efforts have been made and progress is ongoing, such as
for the APSIM tree proxy model for AF (tree + crop models), but
simulations for all process and ESS are still required (Smethurst
et al., 2017, 2018; Holzworth et al., 2018). The microclimate,
shading effects, and light competition are also critical as they
can lead to temperature variations and divert physiological
processes, even within a day at specific hours, and consequently,
efforts are still required to test all these effects and validate the
developing models.

There are many other crops MFW that are available and
being used for integration and coupling at different scales to
simulate the effects of a particular factor. The Hi-SAFE model
was developed by integrating a tree and crop model and it has
been applied and tested (Dupraz et al., 2019). Similarly, the other
MFW, especially those that are simple, flexible, user friendly,
and have features of quality and longevity, can also be used for
integration models to develop more processed-based dynamic
models by considering suitable AF models. While crop models
simulate basic daily processes, the majority lack tree growth
estimations, which are required to develop tree sub-models or
import from developed tree models (Wise and Cacho, 2005;
Parveaud et al., 2008; Holzworth et al., 2018). While there is also
a need to make compatible crop growth models, although tree
models are available, they do not operate on a daily time step like
crop models, but the tree submodules available in WaNuLCAS,
APSIM, and Hi-SAFE are the exceptions. Substantial efforts will
be required to add the tree model to the crop growth model,
especially for the process that is absent in annual crops and
competitions like roots, water, and nutrients between the trees
and crops, while phenology and physiological process are also
different, as growth habits are different.
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7.3. Options for coupling and
integration under the modeling
framework

There are different possible options to consider for the
combination and coupling (integration) of models to develop
reliable and accurate ESS simulations.

• Either use already available potential AF models (dynamic
and process-based and consider all possible competition
between the tree and crop) with proper modifications for
the estimation of ESS and BD.

• AF models that lack accurate simulations for basic
processes and competition should be developed using a
new model with the source codes of a particular model
in any other framework and then integrated into specific
EES and BD modules.

• Possible options for coupling and integration are objective-
specific and vary in different situations and circumstances.

• Ensuring accuracy and reliability depends on the testing
of available models and coupling according to studied
objectives. For example, the integration of soil erosion and
BD models or any other submodule related to specific ESS
for AFS with crop modeling framework.

• It is difficult to ensure accuracy and reliability when there
are a large number of ESS simulations at the same time.
There are two possible approaches, either better accuracy
with a minimum number of variable simulations or vice-
versa. Extensive knowledge and skills in modeling are
required to adopt these scenarios of modeling integration
and coupling.

Three different possible approaches are:

◦ Sensitivity analysis, to test the nature of the relationship and
significance of that particular factor/process in the model.

◦ To draw the conceptual model for categorizing the
priorities in processes and mechanisms (adopt, skip, or low
preference) in the simulation process.

◦ Multivariate analysis to understand the grading and
variability among factors/processes.

To tackle this challenging situation, there may be different
possible options adopted according to the objective and nature
of the study. A MFW is one of the best options in this scenario to
adopt, as it is flexible and can add and remove different models
by coupling in a modular structure. While different submodules
can also be developed and linked. A MFW thus has the potential
to be developed and to test different submodules with reasonably
good accuracy and reliability. There are several process-based
dynamic crop models available that are widely used, and adding
a tree model from any well-adopted AF model to one of these

crop models, with proper modifications, is a strategy to develop
a new model. Here different submodules for each tree, soil
erosion, BD, and other ESS can be developed under the MFW
and coupled for the simulation of a specific ecosystem service.

7.4. Features of a modeling framework
for the integration of BD and AF
models for the simulation of ESS in AFS

The results showed that major attempts to improve models,
especially for AF, were not continuously focused on model
improvement, which is the basic reason for limited use and
applicability, and validation at a large scale. Previously AF
models were outdated and lacked state-of-the-art developments
for innovation and the requirements of the developing AFS.
A good MFW should be simple, flexible, and have longevity,
and should be updated when required. It should also effectively
interact among different submodules and remain active in
the modeling community to participate in different modeling
comparison tests. As AF is a complex system when compared
with other agricultural systems, its modeling is also quite
complex. Basic knowledge and understanding of competition
and processes is crucial and details about the processes and
interaction should be provided for the users. Above and
below-ground competition and interactions are quite complex
and require an understanding of details such as water and
nutrient competition processes and mechanisms to calibrate
and parameterize the model as a black box, and these details
will consequently affect model accuracy and results. Models
should also have both simple and complex versions and
different structure details for general users and developers.
Furthermore, their codes should be easy to modify with other’s
detailed knowledge, as this could otherwise limit their use
and applicability.

7.5. Scientific impact assessment and
modeling platform for advanced crop
and ecosystem management
(SIMPLACE) modeling framework

There are different MFW available, such as Scientific
Impact assessment and Modeling Platform for Advanced Crop
and Ecosystem Management (SIMPLACE), which is a crop
modeling framework that is flexible in terms of customization.
It can adopt standard procedures and protocols, and its multi-
threaded high-performance architecture enables calibration and
simulations at different spatial scales, with good accuracy and
reliability (Enders et al., 2010). It also provides different ways
to interact, depending on the need. This is like the SIMPLACE
spatial decision support systems (SDSS) engine that can be used
for basic understanding and general use, but researchers and
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scientists can also apply advanced levels of approach and model
development, which can also be used and tested for coupling and
integration. It has the potential to simulate more than twenty
crops and further new crops can easily be adopted, while it is
also flexible in its structure and can be coupled and integrated
with different AF, soil erosion, and BD models with proper
modifications. However, the development of a processed-based
model to consider the tree and crop interactions and which has
the potential to simulate all ESS mentioned in section “3 Existing
models and modeling frameworks of AF and biodiversity for
ESS simulation” is challenging.

In comparison with other MFW, coupling and integration
offer improved and more flexible options. These frameworks
have already been used for SDSS in different studies, and serve as
a user interface on which to run hydrological (SWAT, UHP) and
agro-ecosystem (EPIC, SAHYSMOD, CROPWAT) models and
support land-use classification and modeling, which has shown
its potential for coupling and integration. It has also recently
been used in many global studies like the agricultural model
inter-comparison and improvement project (AgMIP), and it has
performed reasonably well when compared with other world-
leading models and molding frameworks. Since most process-
based crop simulation models have been optimized to simulate
conventional cropping systems, the integration of AFS as well
as the simulation of major ESS provided by such systems, such
as erosion control, enhanced soil fertility, carbon sequestration,
reduced fertilizer losses especially nitrogen leaching and wind
and water regulations, is also challenging. The simulations
of ESS is rarely available in current modeling systems, while
the integration of ESS into crop system models is also a
challenge, but as mentioned above, there are possible ways and
opportunities for future models to integrate soil erosion, AF, and
BD models into a crop MFW after the development of individual
submodules for each component and couple.

Crop MFW like SIMPLACE (Enders et al., 2010) have the
potential to simulate the dynamics of the interactions between
critical components of agricultural systems (light, water, and
nutrients) at the field scale. A potential possible option is to
develop soil erosion sim-components and other ESS-related
sim-components under the SIMPLACE modeling framework
for AFS at the field level, which could then be upscaled
to a larger area. There will be two- and three-dimensional
interactions and competition above and below ground that
needs to be considered, while trees can be added as crop
types in the modeling framework. There will be many complex
steps, especially in the development of below-ground sim-
components, which must be considered when assessing the
competition for water and nutrients between tree and crop roots
at both temporal and spatial scales.

Although there may be many possible options that could
be adopted for soil erosion modules like RUSLE and RUWLE,
they require proper modifications to simulate soil erosion losses
by water and wind, respectively. Simple physical process-based

models for soil erosion models are available, such as WEPP,
EPIC, GUEST, and ESEM. Each of these models has limitations
but with proper modifications, like for the crop growth models
EPIC and APSIM, the basic physical equating could also be
adopted for the development of soil erosion submodules in the
SIMPLACE platform. While output like runoff, sedimentation,
N leaching, and soil loss can be used as inputs in the
SIMPLACE framework. While further modifications will be
required in other sim-components like water and nutrients
to assess the competition of trees and crops by considering
root architecture. Soil erosion sim-components will be linked
with other components, but there will be further development
and testing of the components required, especially for light.
The current light sim- components in SIMPLACE are for
intercropping during development and may be further modified
by considering all possible competition sources for light between
the tree and crop canopy. While there may be other options
to add the light module that is already available in AF models
(Wanulcas and Hi-safe) also requires modification in canopy
parameters, like light use efficiency, and radiation interception,
when considering AFS. Similarly, a submodule for BD should
also be developed following previous models like the DVM,
DGVMs, and SESAM and dynamic FOAM for the prediction
and assessment of BD in AFS at the field scale. However,
modeling these processes and the interactions of both above
and below-ground competition is challenging for the reliable
prediction of ESS in AFS at the field scale.

8. Conclusion and way forward

AF has the potential to increase and sustain production.
Furthermore, it provides provisions for ESS and environmental
sustainability to tackle climate change. Modeling AF by
considering above and below-ground competition for the
simulation of ESS and justifying sustainable development goals
is challenging. Previously, efforts were made to model the ESS
provided by AFS but the momentum was not maintained as
AFS are much more complex than mono or intercropping
systems. The current study provides a clear description of the
models used for BD, soil erosion, and AF, to identify those
that are suitable for dynamics-based simulations of ESS from
a field to regional scale. This investigation focused on the
simulation of 7 ESS which is produced by modern AFS, such
as soil protection and conservation, water retention for flood
prevention, carbon sequestration and soil biodiversity, reducing
GHG emissions, increasing groundwater recharge, reductions
in N leaching, and BD conservation. Simple (1D) to complex
(3D) > 16 models related to AF were reviewed and the findings
showed that none of them were capable of simulating dynamic
ESS when considering the above and below-ground competition
at a field-to-regional scale. Only a few AF models (Hi-SAFE
and WaNuLCAS) were widely applied in the past and used for
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the general simulation of AFS, while others (SCUAF, HyPAR,
and HyCAS) have rarely been tested or applied and have not
been continuously updated and maintained. Although Hi-SAFE
and WaNuLCAS have been widely used in the recent past and
continuously updated, they did not satisfactorily simulate all the
ESS and BD that are currently of interest in AFS. Recently, the
APSIM tree proxy model has progressed in development with
the combination of tree and crop modules but many aspects still
need to be tested and validated in contrasting environments,
while the majority of the ESS has not been considered for
dynamic simulations.

Similarly, many of the most suitable and relevant empirical
and physical process-based soil erosion models are related to
forestry and AFS were considered in their development. Most of
the models have inherent limitations, as they were designed for
specific objectives under certain conditions. Furthermore, only
a few were continuously updated and applied at small and field
levels, like RUSLE, RUWLE, WEPP, GUEST, ESEM, and EPIC
but these recently updated models were limited when applied to
AFS at the field scale for the assessment of soil loss and runoff,
especially about the effects of hedgerows for soil protection
and conservation. These models are still applied in a variety of
conditions at both small and large scales and can be used with
proper modifications for coupling and integration with different
models and frameworks for the estimation of soil protection
and conservation. Similarly, current BD models are being used
for the assessment of BD but are limited and rarely applied for
BD provisions in modern AFS. A few mechanistic and process-
based models (DVM, SESAM, and dynamic FOAM) can be used
with proper modifications under any modeling framework for
the prediction and assessment of BD under AFS at the field scale.
The findings revealed that models for AF, BD, or soil erosion
were developed for a specific purpose and tested under specific
conditions, but have had limited development in terms of their
ESS provisions in the current AFS and have limits in terms of
their predictions for tree and crop interaction which is also a
major limitation in AF models.

Furthermore, research and development are required for
dynamic process-based models for ESS and BD assessments
at the field scale for the accurate and reliable prediction of
tree and crop interactions in AFS. Future modeling work
should be used to develop a platform for process-based
dynamic simulations for more desirable ESS with reliable
estimates. There are a few promising modules available in
each group that can be coupled and integrated under a well-
developed modeling framework. To meet the objectives a
flexible, easy-to-understand, and longevity-based modular
modeling strategy is required, which should accommodate
different combinations of models to achieve innovative
system configurations and simulate key processes and
interactions for certain requirement conditions. The crop
modeling framework SIMPLACE has been found to have
the potential in simulating the dynamics of the interactions

between critical components (light, water, and nutrients) at
the field scale. The suitable modeling approaches that are
available could be integrated and coupled by extending the
framework to incorporate, AF, soil erosion, BD, and other
related ESS sub-modules to model the basic processes and
interactions on a dynamic basis in AFS at a field-to-regional
scale. Integrating all of these approaches in a crop modeling
framework for dynamic simulations of AFS is quite complex,
and it is simultaneously challenging to have many modules
interacting for each component. This can be achieved by
following a simple strategy in the beginning and then moving
toward complexity so that processes and accuracy can be
tested at the individual module level to build the capacity
for AF modeling. These pathways are quite important for
modelers and are widely used for the decision management
and simulation of ESS in modern AFS. Developed modeling
approaches/frameworks should be able to simulate a wide
range of complex spatial and temporal management practices
under contrasting environmental conditions to compete
for both national and global levels of decision support and
management of the AFS for the provision of ESS and moves
toward sustainability.
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