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With the changing climate, soil waterlogging is a growing threat to food
security. Yet, contemporary approaches employed in crop models to
simulate waterlogging are in their infancy. By analysing 21 crop models,

we show that critical deficiencies persist in accurately simulating capillary
rise, crop resistance to transient periods of waterlogging, crop recovery
mechanisms, and the effects on soil nitrogen processes, phenology and

yield components. This hinders the ability of such models to reliably
simulate the impacts of excessive soil moisture. Advanced crop modelling
analytics will enable scenario analysis and, with time, farming systems
adaptation to climate change and increasing frequency of crop failure due to

waterlogging.

Soil waterlogging, defined as prolonged root zone saturation causing
oxygen deficit, inhibits the stability of crop and pasture productivity
in many regions, threatening food security globally'. Extreme rainfall
events can result in floods and subsequent waterlogging, impact-
ing around 27% of cultivated lands globally each year?. For instance,
waterlogging regularly affects 16% of the arable soils in the United
States, 10% of the agricultural lands of Russiaand 31% of the Argentine
Pampas, as well as irrigated crop production areas of India, Pakistan,
Bangladeshand China*®”. While heat stress remains the primary factor
influencing yield anomalies worldwide, excess water plays a crucial

rolein explaining yield losses in key wheat-producing regions such as
China and India®. In 2019, the US Midwest, a key global breadbasket,
left more than 7.6 million hectares unplanted due to excessive water-
logged conditions’. Similarly, during the severe wheat yield decline
in France in 2016, one of the most extreme in recent history, 26% of
grain losses were attributed to soil anoxia'®. Atypically large rainfall
events are expected to increase in frequency and magnitude in many
regions due to the intensification of the hydrological cycle by global
warming", affecting both the world’s dry and wet regions'. Intensified
irrigated agriculture can also cause waterlogging and associated soil
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Processes and drivers for waterlogging conditions
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Fig.1| Overview of the processes and drivers leading to waterlogging and

associated effects on soil and crop performance. Top: key processes and

drivers that contribute to waterlogging. Bottom left: the effects of waterlogging

onsoil (specifically chemical properties, microbial activity, physical structure
and solute transport) and their interconnections. Bottom right: the direct

Photosynthate
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in organs
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and indirect effects of waterlogging on crops, including interactions with
soil-mediated processes. The arrows indicate the direction of influence,
withbidirectional links where feedbacks occur. Processes more commonly
represented in CMs are highlighted in darker blue and those often omitted are
shown in white. Eh, redox potential.

salinization in arid and semiarid regions, impacting over one third of
globalirrigated land and thus endangering food security".

Despite its critical role in ensuring food security, climate change
impact assessments in agriculture rarely cover waterlogging, with
the majority of evaluations focusing on drought, heat or gradual cli-
mate change in localized contexts®. Assessments involving accurate
analysis of risks brought by waterlogging are crucial for formulating
production and investment strategies to enhance cropping systems
resilience. Process-based crop models (CMs), simulating crop responses
to environmental conditions, genetics and management scenarios,
are at the core of these assessments®'*'°, Nevertheless, the complex-
ity of processes affected by superfluous moisture poses aimportant
limitation. Excessive soil moisture, as it transitions from aerobic to
anaerobic conditions in the root zone, adversely affects crop growth,
development and yield by altering soil physical, chemical, electrochemi-
cal and biological states, while simultaneously, the crop reciprocally
influences waterlogging dynamics”*°. The severity of the waterlogging
impacts varies substantially between crop species and depends on crop
growth stage, stress duration, temperature, soil properties and the
rhizosphere microbiome'*”. Moreover, crop species exhibit substantial
variability in their adaptation mechanisms and recovery capacity from
waterlogging'®*’. Considering this complexity, it is justifiable to ask to
what extent CMs can adequately reproduce these phenomena.

A decade ago, scientists highlighted the need for improvements
in CMs to accurately simulate crop responses to waterlogged soils®.

Sincethen, afew efforts have been made inimproving the reliability of
CMs in projecting how waterlogging affects global food security® 25,
Theseimprovementsinclude anempirical three-stage representation
of crop responses and adaptations® and a more accurate portrayal of
effects on photosynthesis and phenology?, nitrogen fixation* and
other processes® . To assess and enhance the efficacy of current CMs,
we conducted a global modelintercomparison and improvement study
with aninternational team as part of the Agricultural Model Intercom-
parison and Improvement Project®’. To determine the effectiveness of
existing approaches used to simulate waterlogging, it is first necessary
to carefully review those processes used in CMs and subsequently
determine the extent to which these processes capture the biological,
biophysical and biochemical processes occurring in soils and plants
(Fig.1). While previous reviews have used alimited number of CMs*,
this study carries out an analysis of 21 contemporary wheat CMs used
globally (Table 1) to contrast their capacity to predict waterlogging
impacts on crop production. We address the gaps in process-based
understanding and suggest away forward for the crop modelling com-
munity to enhance the predictive capacity of CMs, thereby strengthen-
ing resilience and adaptation strategies.

Simulation of waterlogging conditions

While thereisageneral awareness of the need to enhance CM represen-
tation of responses induced in the soil and crops by anoxia and hypoxia,
the same cannot be said for simulating soil hydrological processes
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Table 1| CMs reviewed

Model and version Simulated Reference
crops
APSIM c./n.g. (classic and next generation) Multiple 42
APSIM n.g. (next generation) Multiple 66
APSIM v.7.9 Multiple 25
AquaCrop v.7.0 Multiple 51
ARMOSA v.4.2 Multiple 53
DSSAT CSM-CERES-Wheat v.4.8 Wheat 50
DSSAT CSM-NWheat v.4.7-mod. Wheat |
EPIC v.0810 Multiple 67,68
HERMES2Go Multiple 36
LandscapeDNDC (ref. 20) Multiple 48
MCWLA Multiple 69,70
MONICA v.3.3.1 Multiple 7
SALUS Multiple 49
SIMPLACE<LINTULS5, Hillflow1D> v.5.0 Multiple 72
SIMPLACE<LINTULS5,SlimWL> v.5.0 Multiple 72
SSM-iCrop Multiple 37
STICS v.10 Multiple 73
SWAP v.4.2.0 Multiple 52
WheatGrow Wheat 74
WheatSM Wheat 75
WOFOST v.8.1 Multiple 43

related to waterlogging®***'. Most studies have focused on modelling
crop responses to waterlogging®>'"**, thus overlooking this crucial
aspect. Thefirst step in evaluating CMs’ ability to simulate excess soil
moisture impacts is to examine their capacity to reproduce waterlog-
ging conditions, including extent (degree of saturation) and duration.
Failure to accurately simulate soil water dynamics by CMs may lead
to either over- or underestimation of yield loss from moisture excess.
Waterlogging conditions in the root zone can arise from manifold
avenues*, influenced by factors such as weather, terrain topography,
soil properties, and land and soil management, affecting water infiltra-
tion and fluxes inside the soil profile and over its boundaries® (Fig. 1).
This complexity poses a challenge for the precise simulation of therel-
evant processes. For soil conditions with ashallow water table, we found
that 24% of CMs are not able to simulate capillaryrise (Fig. 2), most often
replacing this process with aninput parameter. Additionally, even with
the presence of a water table, 33% of the CMs need a prescribed water
table depth to compute capillary rise since they lack the capacity to
simulate water table dynamics (‘partial coverage’, Fig. 2). Such limita-
tionsin simulating water flux due to capillary rise represent anotable
constraint, as around 22-32% of the global land area is affected by a
shallow water table, reaching the plant rooting zone in 7-17% of cases™.

Water infiltration and runoff simulation also play an important
role in enhancing CM accuracy since excessive rainfall is another
major factor contributing to waterlogging. However, in 19% of the
models, runoff estimation is limited due to the omission of the soil
infiltration capacity (‘partial coverage’, Fig. 2) or even not computed
atall, asin the case of HERMES2Go™ (Fig. 2). Water infiltration is esti-
mated in most models (57%) by applying a simple capacity model in
which the maximumi infiltration capacity is defined as the difference
between the soil saturation water content and actual water content
orafractionthereof. However, following water infiltration, imperme-
able layers or soil compaction may disrupt water redistribution and
drainage processes, often leading to waterlogging. The SSM-iCrop*

and WheatSM?*® models face limitations in reproducing this phe-
nomenon, as they are incapable of simulating impermeable layers
or soil compaction (Fig. 2). This represents amajor limitation, as soil
compactionisa critical issue impacting soil productivity worldwide*.
Additionally, upslope runoff can cause waterlogging in low-lying
areas, especially in poorly drained soils. Even though simulating
subsurface lateral flows is essential for replicating this waterlogging
condition, most CMs (71%) do not incorporate this feature due to the
complexity associated with reliable modelling in two dimensions.
Furthermore, most CMs that do reproduce these flows limit them to
lateral drainage processes (‘partial coverage’, Fig. 2), such as lateral
outflows to drainage canals, leading to incomplete representation
in the CM simulation.

Another cause of inadequately addressed waterlogging conditions
in CMs is water ponding on the soil surface, with 43% of the CMs unable
to simulate it. Similarly, 43% of the CMs reviewed do not account for
snow accumulation and melting, which are among the primary causes
of waterlogging in northern latitudes during springtime. In these
regions, freezing and thawing soil is also prone to waterlogging, but
these processes are considered by only five CMs (Fig. 2). The spatial
variability associated with waterlogging is another added difficulty
most CMs overlook. This limitation is particularly critical for their
application in precision agriculture, where management decisions
tailored to spatial variability are crucial for optimizing resource use
efficiency, productivity, quality”, profitability and the sustainability

of agricultural production.

Simulation of aeration stress and recovery
mechanisms
Accurately simulating the impacts of waterlogging on crops via CMs
dependsontheapproaches that trigger aeration stress. Aeration stress
coefficients vary considerably among CMs? but are mainly derived
over a pressure-head or volumetric water content threshold (Fig. 3).
However, for 14% of the CMs, aeration stress is triggered only when
the water table is above a predefined soil depth, 0.3 min the case of
DSSAT CSM N-Wheat". This constitutes animportant limitationsince
asubstantial portion of waterlogging in agricultural areas globally is
caused by factors other than ashallow water table. Nevertheless, some
CMsthat use soil water content as a trigger have limitations consider-
ingathreshold restricted only to a particular soil depth. For instance,
HERMES2Go* triggers aeration stress when the soil water content in
theupper 0.3 misabove aspecific threshold, without considering the
entire rooting zone. Moreover, these thresholds should ideally be crop
type and phenology specific. In this regard, SSM-iCrop*” does not have a
crop-specific threshold, and APSIM*?**? and HERMES2Go* are the only
CMs considering the sensitivity of phenological development stage.
Another aspect related to the trigger mechanisms of aeration
stressis the duration of waterlogging. While crops are known to resist
short periods of soil moisture excess, in most CMs (57%, Fig. 3), stress
is triggered immediately once a waterlogging condition is detected.
Inonly 33% of CMs, consecutive waterlogging days equal to or greater
than three days are required to activate soil and crop responses. In
HERMES2Go*® and WOFOST*, aeration stress builds up gradually
over consecutive days under waterlogging. However, none of the CMs
consider theinteractionbetween the duration and frequency of water-
logging. Another usually neglected aspectis the crop recovery mecha-
nisms after waterlogging. In all models except APSIM* and WOFOST*,
the aerationstress effects are assumed to disappearimmediately after
hypoxic/anoxic conditions cease. However, even brief periods of water-
logging can have negative long-termimpacts on certain cropsand can
lead to crop failure and damage caused by rapid re-aeration®. These
limitations suggest that trigger and recovery mechanisms of aeration
stress in CMs deserve improvement, with a good example being the
use of amultiplicative structure to calculate dry matter accumulation,
which would include the after-effects of aeration stress**.

Nature Food | Volume 6 | June 2025 | 553-562

555


http://www.nature.com/natfood
https://www.apsim.info/documentation/model-documentation/
https://apsimnextgeneration.netlify.app/
https://apsimnextgeneration.netlify.app/
https://www.apsim.info/download-apsim/downloads/3-may-2017-apsim-7-9-release-notes/
https://www.fao.org/aquacrop/resources/referencemanuals/en/
https://unimibox.unimi.it/index.php/s/AstxzEb3gMJZeQj
https://www.dssat.net
https://epicapex.tamu.edu/manuals-and-publications/
https://github.com/zalf-rpm/Hermes2Go
https://ldndc.imk-ifu.kit.edu/
https://github.com/zalf-rpm/monica
https://basso.ees.msu.edu/salus/index.html
https://www.simplace.net/
https://www.simplace.net/
http://ssm-crop-models.net/ssm-icrop/
https://stics.inrae.fr/eng/
https://www.swap.alterra.nl/
http://www.cropgrow.net/cropgrow/Index.jspx
https://www.wur.nl/en/Research-Results/Research-Institutes/Environmental-Research/Facilities-Tools/Software-models-and-databases/WOFOST.htm

Review article

https://doi.org/10.1038/s43016-025-01179-y

80

CMs capturing waterlogging mechanisms (%)

— No

Yes

o e
SWAP v.4.2.0 ) ) ) ® ® o [
LandscapeDNDC [ ] [ ] o [ ) [ ] [ ] [ }
EPIC v.0810 () ® [ () o () ®
MONICA v.3.3.1 [ 6 | () () [ ] () ® [
SALUS () () [ ] () ® [
APSIM v.7.9 () () () () ()
SIMPLACE<LINTUL5, Hillflow1D> v.5.0 o [ ([ o ()

APSIM c./n.g. o () ([ )

DSSAT CSM-NWheat v.4.7-mod. ® o o o

WOFOST v.8.1 [ 2 | () () () ()

APSIM n.g. o [ ) o

AquaCrop v.7.0 o [ ] o ( ]

ARMOSA v.4.2 [ 2 | () ® () ®

DSSAT CSM-CERES-Wheat v.4.8 ® o [ J ()

SIMPLACE<LINTULS,SimWL> v.5.0 [ 4| [ J o [ J [ ]

STICS v.10 () () () ()

MCWLA () () ®

WheatGrow o o [ J

HERMES2Go ® ® ()

SSM-iCrop ()

WheatSM [

Fig. 2| Processes in CMs involved in simulating waterlogging conditions. The
bar chart shows the share of CMs considering the following processes: surface
runoffas a function of soil moisture (‘Runoff = f(soil moisture)’), effects of
impermeable layers or soil compaction on redistribution and drainage processes
(‘Impermeable layers’), capillary rise (‘Water table’), water ponding on the soil
surface (‘Water ponding’), snow accumulation and melting processes (‘Snow
melting’), subsurface water lateral flow (‘Subsurface lateral flow’) and soil
freezing and thawing (‘Thawing’). The processes considered in each model are

shownin the table. Dark, medium and light blue circles indicate advanced, partial
and nil coverage of the processes, respectively. ‘Advanced coverage’ indicates
that the modelincludes functions that simulate the process with a higher level of
detail and complexity, ‘nil coverage’ means that the process is not at all covered
by the model and ‘partial coverage’ indicates that the process is either partially
orindirectly represented. The ‘Number’ column denotes the total number of
processes covered by each CM.

Disparities in coverage of waterlogging effects on
soil and crops

While extreme moisture excess events disrupt crop growth and devel-
opment, limitations persist in our understanding of how waterlog-
ging conditions may impact soil physical, chemical and microbial
properties®, as well as above- and belowground linkages”. This gap
extends to CMs, with 33% of the models overlooking any effect of
aeration stress on soil properties (Fig. 4a). Soil nitrogen, a crucial
yield-limiting nutrient, is markedly influenced by waterlogging®
through processes such as decreased redox potential, suppressed
nitrification and enhanced denitrification*’. The ammonia-oxidizing
microbial communities in the soil are affected by waterlogging with a
potential nitrification rate decrease”’, which is simulated by only 43% of
the CMs. Similarly, its impact on nitrogen fixation by limiting associa-
tions with rhizobacteriaand nitrogenase activity” isrepresented in only
38% of the CMs, and the inhibition of soil organic matter decomposition
under waterlogging conditions is represented in 48% of the CMs. On
the contrary, 67% of CMs consider the positive correlation between soil
surface N,O emissions and water-filled pore space?® as a consequence of
increasing denitrification with aeration stress. Additionally, alterations

in the availability of nitrogen and other nutrients can be induced by
pH changes (pH increases in acidic soils and pH decreases in alkaline
soils) occurring in waterlogged soils*’; APSIM*, LandscapeDNDC*¢ and
SALUS* are the only CMs covering this. LandscapeDNDC*® and DSSAT
CMS-CERES-Wheat*® are the only models reviewed that recognize that
waterlogged soil becomes a source of CH, emissions. Furthermore,
none of the CMs address the increase of ions (such as iron and man-
ganese) and metabolites (such as phenolics and fatty acids) to toxic
levels in waterlogged soils, which is driven by changes in oxidation
potential and pH'®. Concerning the effects on physical soil properties,
none of the CMs consider that waterlogged soils have alow structural
cohesion, with soil management morelikely tolead toirreversible soil
compaction. Compaction, inturn, often exacerbates waterlogging and
its adverse effects by further limiting water movement within the soil
profile, affecting infiltration and drainage.

Beyond aeration stress, other stresses related to solute transport
also contribute to the overall effect on crop production. Excessive
rainfall can lead to soil nitrogen losses through nitrate leaching, con-
tributing up to 11% of the total nitrate load in groundwater™. Addition-
ally, nitrogen can move upwards to the rooting zone from a shallow
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Fig. 3| Mechanisms required to initiate waterlogging stress in CMs. The bar
chart shows the share of CMs using each trigger mechanism of aeration stress and
each trigger time approach. ‘No lag time’ stress is triggered immediately once a
waterlogging conditionis detected, ‘Lag time’ indicates that stressis triggered
after some consecutive waterlogging days and ‘Gradual build-up’ indicates a
gradual build-up of stress over consecutive days under waterlogging conditions.
Inthe table, dark, medium and light blue circles indicate the trigger mechanism
and trigger time approach adopted by each CM following the colour guide of the
bar chart.

water table through capillary rise, thus becoming a nutrient source.
While downward nitrogen movement is simulated by the 86% of the
CMs, only 29% consider upward movement (Fig. 4b). CMs also exhibit
limited coverage regarding salt transport despite the frequent simul-
taneous occurrence of waterlogging and soil salinization'®>. Among
the CMs, only APSIM**?* models, AquaCrop® and SWAP** can simulate
downward salt movement, while AquaCrop®' and SWAP** account for
upward transport (Fig. 4b). These findings highlight the insufficient
attention to the effects of waterlogging in the soil despite its notable
impact on crop production®. Inadequate coverage of the impacts of
waterlogging on soil nutrient availability, the accumulation of toxic
elements and physical properties can lead to an underestimation of
its effects on crop productivity. This may resultin the development of
inappropriate managementstrategies, such as suboptimal fertilization
plans, which negatively impactboth farmeconomy and environment.

Theway aeration stress directly impacts crops varies considerably
among CMs, reflecting the diversity in their simulation approaches. In
some cases, waterlogging can directly impact the biomass production
process (29% of the CMs; Fig. 5). Conversely, other processes lead-
ing up to dry matter accumulation, such as crop transpiration and
photosynthesis, may be the focus in other CMs. These two processes,
as well as limited root growth and root length density, are the main
direct effects simulated. In any case, CMs have limited representa-
tion of plant physiological responses under waterlogged conditions,
reflecting limited knowledge available'. A recent meta-analysis assess-
ing the overall impact of waterlogging on crop yield” revealed that, on
average, crop yield decreased by 39%, attributed to a diminished net
photosyntheticrate,and by 23% due to areduced leaf areaindex. How-
ever, the effect of aeration stress is not covered in 48% of the CMs for

photosynthesisand 29% for leaf areaindex or canopy cover. Only 24% of
the CMs account for photosynthate partitioning and grain weight, even
thoughwaterlogging-related lower grain weight causes a14%reduction
inyield”. The mentioned meta-analysis found that waterlogging during
thereproductive growth phase caused aslightly larger yield reduction
(42%) than during the vegetative growth phase (35%). Thus, thereisa
need to furtherimprove the ability of CMs to simulate late-season water-
logging®. Additionally, the effect of surplus water on phenology is con-
sidered by only APSIM**?and ARMOSA® (Fig. 5) by delaying flowering
and reducing the grain filling duration’. However, properly simulating
the flowering window is crucial for yield determination®. Furthermore,
sensitivities of different growth stages and crop varieties to aeration
stressare also important butare limitedly addressed in the CMs™. This
limits the ability of CMs to assist in designing waterlogging-tolerant
genotypes®, a promising approach for crop production in regions
with longer temperate growing seasons’. Concerning the adaption
and acclimation crop response®’, only APSIM v.7.9 (ref. 25) represents
these mechanisms after three days of soil moisture excess. Additionally,
CMs do not capture the unique response to concurrent stresses, such
as waterlogging, nutrients and temperature®. Not incorporating the
adaptation and acclimation mechanisms may lead to an accurate crop
yield estimation, but it is raised from the wrong factors.

Pathways for improving model simulation of
waterlogging and agricultural adaptation

CMsare widely used to assess the potential impacts of climate change
on crop production and to identify adaptation strategies and prior-
ity regions for targeted interventions. However, as evidenced here,
approaches used inwheat CMs for simulating both waterlogging con-
ditions and coupled soil and crop processes are still largely underde-
veloped and variable. There is no single CM that fully addresses all
processes, perhaps because no model has been explicitly derived for
the simulation of crop growth and production under regular waterlog-
ging. While models with a hydrological focus, such as SWAP*, perform
well for simulating waterlogging conditions and their effects on solute
movement, models such as APSIM*** are more suitable for capturing
the mechanisms that induce waterlogging stress and its impacts on
soil and crop growth and development.

Persistent limitationsin accurately simulating crop resistance to
transient waterlogging, crop recovery mechanisms and effects on soil
processes, phenology and harvest index or yield components hinder
CMs’ ability to reliably predict both the immediate and long-term
impacts of excessive soil moisture. Addressing these limitations is
crucial for using CMs to evaluate the feasibility of investing in drainage
systems, devise nutrient management strategies'®, support breeding
programmes for waterlogging-tolerant genotypes or optimize plant-
ing dates® Given the notable role played in crop growth processes
by soil hydrology, there is a pressing need for more comprehensive
representation of capillaryrise, water ponding and lateral flows, avoid-
ing unnecessary empiricism®. Enhancing the depiction of soil water
dynamics in CMs will substantially improve their utility in identifying
effective site-specificadaptation strategies. For instance, CMs may be
employed to assess the economic viability of integrating cover crops
or other soil-structure-enhancing crops’®, the use of raised beds”, or
the implementation of precision agriculture practices® or farming by
stability zones*. Improved CMs will also facilitate their application as
a nature-based solution for aquifer recharge in agricultural regions
with stressed water resources through the controlled flooding of crop
fields®°.

Nonetheless, theintegration and improvement of waterlogging-
related processes are still largely constrained by the limited under-
standing of these interlinked processes, the adequate representa-
tion of soil properties®, the spatial connectivity of soil hydrological
dynamics and the availability of adequate and representative experi-
mental data’. We are therefore far from accurately predicting the
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Fig. 4 | Effects of waterlogging on soil properties and solute transport
processes in CMs. a, Effects of waterlogging on soil physical, chemical and
microbial processes and properties in CMs. The bar chart shows the share of
CMs considering each effect. The processes considered in each model are shown
inthe table. Dark, medium and light blue circles indicate advanced, partial and
nil coverage of the process, respectively. ‘Advanced coverage’ indicates that

the modelincludes functions that simulate the process at an advanced level

of coverage, ‘nil coverage’ means the process is not at all covered by the model

and ‘partial coverage’ indicates that the process is either partially or indirectly
represented. The ‘Number’ column denotes the total number of processes
covered by each analysed CM. b, Solute transport processes in CMs. The bar
chart shows the share of CMs considering nitrogen (N) and salt movement. The
processes considered in each model are shown in the table. Dark and light blue
circles indicate inclusion or exclusion of the process, respectively. The ‘Number’
column denotes the total number of solute transport processes covered by
eachCM.

Nature Food | Volume 6 | June 2025 | 553-562

558


http://www.nature.com/natfood

Review article

https://doi.org/10.1038/s43016-025-01179-y

W Directly [ Indirectly No effect
100 -
b2
«
2
3
= 80 +
(0]
(o))
£
2 60
[e)
-
jo
ot
©
2 40
(o))
c
=
=
=
S 20
o
«
=
(@)
Model Number T RG RLD B PS LAI RUE  NAO GW PPG P Y LG CcC PH LS WUE gs
APSIM c./n.g. ® ] ] ® ] ° ® ° ® ° ® o ° ° ® ® 0 °
MONICA v.3.3.1 [ 6| ] ° ° ° ° [ ) [ [ ° [} [J [ [ ] (] ° (]
DSSAT CSM-NWheat v.4.7-mod. ° [ [ [ J [ ] [ ) [ ) ° ° ° ° (] [ J
MCWLA ° [ J ° [ [ ° [ [ ° [ ]
WheatGrow [ ] [ ] [ ] [} [ ] [ ] [ ] [ ] [ J [ ] [ J
SIMPLACE<LINTULS, SlimWL> v.5.0 [ ] [ ] [ ] [ J [ ] [ [ J [ [ [ d
SIMPLACELINTULS, Hillflow1D> v.5.0 ) L] ° [ [ ° [ ® ) [
SWAP v.4.2.0 ° ° ° ° [ J ° ® °
APSIMv.7.9 ° [ ° ° (] ° ® °
DSSAT CSM-CERES-Wheat v.4.8 [ & | ) [ J [ J [ ® o [ ] ) °
HERMES2Go ° [ [ ] ° ([ ] [ ] [ ] (]
STICS v.10 [ 8 ] [ ] [ ) [ ) [ ] [ ) [ ] [ ] [}
SALUS ° ° ° (] ° [ ]
LandscapeDNDC B ) ) ) ° °
SSM-iCrop ° [ J o (] [
WheatsM ¢} [ [ J [ J [ (]
EPIC v.0810 ° ° [ J [ ) [ ) [
WOFOST v.81 B ° o [ [ °
AquaCrop v.7.0 ° [ ° °
ARMOSA v.4.2 ® ® )

APSIM n.g.

Fig. 5| Processes relating to waterlogging that are captured in CMs. The bar
chart shows the share of CMs considering the following effects of aeration stress
on crops: crop transpiration (T), root growth (RG), root length density (RLD),
biomass production (B), photosynthesis (PS), leaf area index (LAI), radiation
use efficiency (RUE), nitrogen accumulation in organs (NAO), grain weight
(GW), photosynthate partitioning to grains (PPG), phenology (P), yield (Y), leaf
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ineach model are shown in the table. Dark, medium and light blue circles

indicate the processes captured by each CM following the colour guide of the
columncharts.

impacts of waterlogging on crop production. This calls for a strategic
pathway to enhance CMs’ capabilities by bringing together different
scientific disciplines (such as plant physiology, hydrology, soil phys-
ics, soil ecology and biogeochemistry) and collaborative efforts of
modeller groups. A useful first step is to promote the establishment
of soil water, crop and field observation networks to bridge knowl-
edge gaps relating to the effects of excessive soil moisture on crop
productivity, using advances in proximal and remote sensing tech-
nologies to generate valuable databases. Building on these data, the
improvement of CMs to address waterlogging issues must be driven
by the requirements of field management at the farm scale and water
management at the catchment scale, making CMs more effective
for practical management purposes. In this regard, the coupling of
CMs with large-scale hydrological models®*®* or leveraging machine
learning algorithms®** could markedly enhance their performance
and effectiveness at these scales. The integration of biogeochemical
cycles, as well as vadose-zone transport models to better simulate
soil water and heat dynamics and their effect on water content and
temperature fluctuations (including soil freezing and thawing), should
also be further explored.

We propose guiding model improvements by the following ques-
tions: Is it more important to improve the simulation of waterlog-
ging conditions than to enhance the representation of soil and crop
responses to excessive moisture? What is the optimal level of detail
in process descriptions for each of the involved processes and their
interactions so that the impacts of waterlogging on crop yields can
be reliably estimated under different scenarios? What is the extent of
uncertainty in evaluating the impacts of waterlogging on crop yield?
CMintercomparison assessments against observed data and sensitivity
analysis are essential for addressing these questions, with the Agri-
cultural Model Intercomparison and Improvement Project network>°

potentially playing a crucial role. This work lays the foundation for
these investigations, providing key information for their design and
resultinterpretation.

References

1. deS. Noia Junior, R. et al. A call to action for global research on
the implications of waterlogging for wheat growth and yield.
Agric. Water Manage. 284, 108334 (2023).

2. Liu, K. et al. Silver lining to a climate crisis in multiple prospects
for alleviating crop waterlogging under future climates. Nat.
Commun. 14, 765 (2023).

3. Kuppel, S., Houspanossian, J., Nosetto, M. D. & Jobbagy, E. G.
What does it take to flood the Pampas? Lessons from a decade of
strong hydrological fluctuations. Water Resour. Res. 51,
2937-2950 (2015).

4.  Status of the World'’s Soil Resources: Main Report (FAO, 2015).

5. Alam, M. S,, Sasaki, N. & Datta, A. Waterlogging, crop damage
and adaptation interventions in the coastal region of Bangladesh:
a perception analysis of local people. Environ. Dev. 23, 22-32
(2017).

6. Houspanossian, J. et al. Agricultural expansion raises
groundwater and increases flooding in the South American
plains. Science 380, 1344-1348 (2023).

7. Pang, J., Zhou, M., Mendham, N. & Shabala, S. Growth and
physiological responses of six barley genotypes to waterlogging
and subsequent recovery. Aust. J. Agric. Res. 55, 895-906
(2004).

8. Zampieri, M., Ceglar, A., Dentener, F. & Toreti, A. Wheat yield
loss attributable to heat waves, drought and water excess at the
global, national and subnational scales. Environ. Res. Lett. 12,
064008 (2017).

Nature Food | Volume 6 | June 2025 | 553-562

559


http://www.nature.com/natfood

Review article

https://doi.org/10.1038/s43016-025-01179-y

10.

mn

12.

13.

14.

15.

16.

17.

18.

1.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Lawal, A., Kerner, H., Becker-Reshef, . & Meyer, S. Mapping the
location and extent of 2019 prevent planting acres in South
Dakota using remote sensing techniques. Remote Sens. 13, 2430
(2021).

de S. Noia Junior, R. et al. The extreme 2016 wheat yield failure in
France. Glob. Change Biol. 29, 3130-3146 (2023).

IPCC Climate Change 2021: The Physical Science Basis (eds
Masson-Delmotte, V. et al.) (Cambridge Univ. Press, 2023).

Donat, M. G., Lowry, A. L., Alexander, L. V., O'Gorman, P. A. &
Maher, N. More extreme precipitation in the world’s dry and wet
regions. Nat. Clim. Change 6, 508-513 (2016).

Singh, A. Soil salinization and waterlogging: a threat to
environment and agricultural sustainability. Ecol. Indic. 57,
128-130 (2015).

Guo, E., Zhang, J., Wang, Y., Si, H. & Zhang, F. Dynamic risk
assessment of waterlogging disaster for maize based on
CERES-Maize model in midwest of Jilin Province, China. Nat.
Hazards 83, 1747-1761 (2016).

Zhang, J., Pan, B., Shi, W. & Zhang, Y. Monitoring waterlogging
damage of winter wheat based on HYDRUS-1D and WOFOST
coupled model and assimilated soil moisture data of remote
sensing. Remote Sens. 15, 4133 (2023).

Bassu, S., Asseng, S., Motzo, R. & Giunta, F. Optimising sowing
date of durum wheat in a variable Mediterranean environment.
Field Crops Res. 111, 109-118 (2009).

Sprunger, C. D., Lindsey, A. & Lightcap, A. Above- and
belowground linkages during extreme moisture excess:
leveraging knowledge from natural ecosystems to better
understand implications for row-crop agroecosystems. J. Exp. Bot.
74, 2845-2859 (2023).

Manik, S. M. N. et al. Soil and crop management practices to
minimize the impact of waterlogging on crop productivity. Front.
Plant Sci. 10, 140 (2019).

Langan, P. et al. Phenotyping for waterlogging tolerance in crops:
current trends and future prospects. J. Exp. Bot. 73, 5149-5169
(2022).

Kaur, G. et al. Impacts and management strategies for crop
production in waterlogged or flooded soils: a review. Agron. J. 112,
1475-1501(2020).

Tian, L.-X. et al. How does the waterlogging regime affect crop
yield? A global meta-analysis. Front. Plant Sci. 12, 634898

(2021).

Tong, C. et al. Opportunities for improving waterlogging
tolerance in cereal crops—physiological traits and genetic
mechanisms. Plants 10, 1560 (2021).

Boote, K. J., Jones, J. W., White, J. W., Asseng, S. & Lizaso, J. I.
Putting mechanisms into crop production models. Plant Cell
Environ. 36, 1658-1672 (2013).

Shaw, R. E. & Meyer, W. S. Improved empirical representation of
plant responses to waterlogging for simulating crop yield. Agron.
J.107,1711-1723 (2015).

Liu, K. et al. Climate change shifts forward flowering and reduces
crop waterlogging stress. Environ. Res. Lett. 16, 094017 (2021).
Pasley, H. R., Huber, I., Castellano, M. J. & Archontoulis, S. V.
Modeling flood-induced stress in soybeans. Front. Plant Sci. 11, 62
(2020).

Beegum, S. et al. Developing functional relationships between
waterlogging and cotton growth and physiology—towards
waterlogging modeling. Front. Plant Sci. 14, 1174682 (2023).

Jin, X., Jin, Y., Zhai, J., Fu, D. & Mao, X. Identification and prediction
of crop waterlogging risk areas under the impact of climate
change. Water 14,1956 (2022).

Liu, K. et al. The state of the art in modeling waterlogging impacts
on plants: what do we know and what do we need to know. Earths
Future 8, €2020EF001801 (2020).

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Rosenzweig, C. et al. The Agricultural Model Intercomparison and
Improvement Project (AgMIP): protocols and pilot studies. Agric.
For. Meteorol. 170, 166-182 (2013).

Githui, F. et al. Modelling waterlogging impacts on crop growth: a
review of aeration stress definition in crop models and sensitivity
analysis of APSIM. Int. J. Plant Biol. 13, 180-200 (2022).

Shaw, R. E., Meyer, W. S., McNEeill, A. & Tyerman, S. D.
Waterlogging in Australian agricultural landscapes: a review of
plant responses and crop models. Crop Pasture Sci. 64, 549-562
(2013).

Kim, Y.-U. et al. Mechanisms and modelling approaches for
excessive rainfall stress on cereals: waterlogging, submergence,
lodging, pests and diseases. Agric. For. Meteorol. 344, 109819
(2024).

Dang, Y., Menzies, N. & Dalal, R. Soil Constraints on Crop
Production (Cambridge Scholars, 2022).

Fan, Y., Li, H. & Miguez-Macho, G. Global patterns of groundwater
table depth. Science 339, 940-943 (2013).

Kersebaum, K. C. in Methods of Introducing System Models into
Agricultural Research (eds Ahuja, L. R. & Ma, L.) 65-94 (American
Society of Agronomy and Soil Science Society of America, 2015).
Soltani, A., Maddabh, V. & Sinclair, T. R. SSM-Wheat: a simulation
model for wheat development, growth and yield. Int. J. Plant Prod.
7, 711-740 (2013).

Feng, L. Study on Simulation Model of Wheat Growth and
Development (Nanjing Agricultural Univ., 1995).

Yang, R. et al. Implications of soil waterlogging for crop quality: a
meta-analysis. Eur. J. Agron. 161, 127395 (2024).

Gebbers, R. & Adamchuk, V. I. Precision agriculture and food
security. Science 327, 828-831(2010).

de Souza Noéia Junior, R. Understanding Extreme Wheat
Production Failures Through Modeling (Technische Univ.
Minchen, 2023).

Ebrahimi-Mollabashi, E. et al. Enhancing APSIM to simulate
excessive moisture effects on root growth. Field Crops Res. 236,
58-67 (2019).

de Wit, A. et al. 25 years of the WOFOST cropping systems model.
Agric. Syst. 168, 154-167 (2019).

Qian, L. et al. An improved CROPR model for estimating cotton
yield under soil aeration stress. Crop Pasture Sci. 68, 366-377
(2017).

Pais, I. P. et al. Wheat crop under waterlogging: potential soil and
plant effects. Plants 12, 149 (2022).

Zhang, Z. & Furman, A. Soil redox dynamics under dynamic
hydrologic regimes—a review. Sci. Total Environ. 763, 143026
(2021).

Nguyen, L. T. T. et al. Impacts of waterlogging on soil nitrification
and ammonia-oxidizing communities in farming system. Plant Soil
426, 299-311(2018).

Haas, E. et al. LandscapeDNDC: a process model for simulation of
biosphere-atmosphere-hydrosphere exchange processes at site
and regional scale. Landsc. Ecol. 28, 615-636 (2013).

Basso, B. & Ritchie, J. T. in The Ecology of Agricultural Landscapes:
Long-Term Research on the Path to Sustainability (eds Hamilton, S.
K. et al.) 252-274 (Oxford Univ. Press, 2015).

Hoogenboom, G. et al. in Advances in Crop Modelling for a
Sustainable Agriculture (ed. Boote, K.) 173-216 (Burleigh Dodds
Science, 2019).

Raes, D., Steduto, P., Hsiao, T. C. & Fereres, E. in AquaCrop Version
7.1: Reference Manual (eds Raes, D. et al.) 1-167 (FAQ, 2023).
Kroes, J. G. et al. SWAP Version 4 (Wageningen Environmental
Research, 2017); https://doi.org/10.18174/416321

Valkama, E. et al. Can conservation agriculture increase soil
carbon sequestration? A modelling approach. Geoderma 369,
114298 (2020).

Nature Food | Volume 6 | June 2025 | 553-562

560


http://www.nature.com/natfood
https://doi.org/10.18174/416321

Review article

https://doi.org/10.1038/s43016-025-01179-y

54. Ramirez-Villegas, J. et al. CGIAR modeling approaches for
resource-constrained scenarios: |. Accelerating crop breeding for
a changing climate. Crop Sci. 60, 547-567 (2020).

55. Jarvis, N., Larsbo, M., Lewan, E. & Garré, S. Improved descriptions
of soil hydrology in crop models: the elephant in the room? Agric.
Syst. 202, 103477 (2022).

56. Hartmann, M. & Six, J. Soil structure and microbiome functions in
agroecosystems. Nat. Rev. Earth Environ. 4, 4-18 (2022).

57. Velmurugan, A., Swarnam, T. P., Ambast, S. K. & Kumar, N.
Managing waterlogging and soil salinity with a permanent raised
bed and furrow system in coastal lowlands of humid tropics.
Agric. Water Manage 168, 56-67 (2016).

58. Nordblom, T. L., Hutchings, T. R., Godfrey, S. S. & Schefe, C.

R. Precision variable rate nitrogen for dryland farming on
waterlogging Riverine Plains of southeast Australia? Agric. Syst.
186, 102962 (2021).

59. Maestrini, B. & Basso, B. Drivers of within-field spatial and
temporal variability of crop yield across the US Midwest. Sci. Rep.
8,14833 (2018).

60. Ganot, Y. & Dahlke, H. E. A model for estimating Ag-MAR flooding
duration based on crop tolerance, root depth, and soil texture
data. Agric. Water Manage 255, 107031 (2021).

61. Weber, T. K. D. et al. Hydro-pedotransfer functions: a roadmap
for future development. Hydrol. Earth Syst. Sci. 28, 3391-3433
(2024).

62. Naz, B.S., Sharples, W., Ma, Y., Goergen, K. & Kollet, S.
Continental-scale evaluation of a fully distributed coupled land
surface and groundwater model, ParFlow-CLM (v3.6.0), over
Europe. Geosci. Model Dev. 16, 1617-1639 (2023).

63. Siad, S. M. et al. A review of coupled hydrologic and crop growth
models. Agric. Water Manage. 224, 105746 (2019).

64. Shahhosseini, M., Hu, G., Huber, I. & Archontoulis, S. V. Coupling
machine learning and crop modeling improves crop yield
prediction in the US Corn Belt. Sci. Rep. 11, 1606 (2021).

65. Li, L. et al. Knowledge-guided machine learning for improving
crop yield projections of waterlogging effects under climate
change. Resour. Environ. Sustain. 19, 100185 (2025).

66. Brown, H.E. et al. Plant Modelling Framework: software for
building and running crop models on the APSIM platform.
Environ. Model. Softw. 62, 385-398 (2014).

67. Williams, J. R. The Erosion-Productivity Impact Calculator (EPIC)
model: a case history. Phil. Trans. R. Soc. B 329, 421-428 (1990).

68. lzaurralde, R. C., Williams, J. R., McGill, W. B., Rosenberg, N. J.

& Jakas, M. C. Q. Simulating soil C dynamics with EPIC: model
description and testing against long-term data. Ecol. Model. 192,
362-384 (2006).

69. Tao, F., Yokozawa, M. & Zhang, Z. Modelling the impacts of weather
and climate variability on crop productivity over a large area:

a new process-based model development, optimization, and
uncertainties analysis. Agric. For. Meteorol. 149, 831-850
(2009).

70. Tao, F., & Zhang, Z. Climate change, wheat productivity and
water use in the North China Plain: a new super-ensemble-based
probabilistic projection. Agric. For. Meteorol. 170, 146-165
(2013).

71. Nendel, C. et al. The MONICA model: testing predictability for
crop growth, soil moisture and nitrogen dynamics. Ecol. Model.
222,1614-1625 (2011).

72. Enders, A. et al. SIMPLACE—a versatile modelling and simulation
framework for sustainable crops and agroecosystems. In Silico
Plants 5, diad006 (2023).

73. STICS Soil-Crop Model—Conceptual Framework, Equations and
Uses (Quae, 2023).

74. Zhu, Y. et al. Research progress on the crop growth model
CropGrow. Sci. Agric. Sin. 53, 3235-3256 (2020).

75. Chen, X. et al. WheatSM V5.0: a Python-based wheat growth
and development simulation model with cloud services
integration for enhancing agricultural applications. Agronomy 13,
2411(2023).

Acknowledgements

M.G.-V. acknowledges funding from Consejeria de Universidad,
Investigacion e Innovacion—Junta de Andalucia through the Qualifica
Project (QUAL21_023 IAS), and from WheatNet (‘Conexiéon TRIGO’)

of the Spanish National Research Council (CSIC). The contribution

of T.K.D.W. was made possible by the joint project of Digitalization in
Organic Agriculture (DigiPlus, grant number 28 DE 207A 21), funded
by the German Federal Office of Agriculture and Food. MT.H. and

K.L. were in part supported by funding from the Australian Grains
Research & Development Corporation (GRDC contract code UOT1906-
002RTX). T.G. acknowledges partial funding by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)

under Germany'’s Excellence Strategy - EXC 2070 - 390732324 and
under the Collaborative Research Centre DETECT (grant number
SFB1502/1-2022 -450058266).

Author contributions

M.G.-V.,, M.d.SV., T.P., MT.H., K.L., R.d.S.N.-J., TK.D.W. and J.Z. conceived
of the study. M.G.-V., M.d.SV. and T.P. designed and coordinated the
study. M.G.-V., M.d.SV., MT.H., K.L., R.d.S.N.-J.,, TK.DW.,, J.Z.,, M.A,,

S. Archontoulis, S. Asseng, P.A., J.B., B.B., X.C., Y.C.,Q.d.Jv.L., M.D,,
AdW.,B.D,RF,CF,MG., TG, AG., GH. KCK.,Y.-UK., D.K, B.L.,
L.M.,K.M.,C.N.,G.P,, A.P, D.M.S,, C.S,, V. Shelia, V. Stocca, FT., EW.,
HW., Z.Z., Y.Z. and T.P. provided crop model information and discussed
the results. M.G.-V. performed the formal analysis, produced the
figures and wrote the initial paper. M.d.S.V., T.P., MT.H., K.L., R.d.S.N.-J,,
T.K.DW. and J.Z. contributed to the discussion, reviewed the paper
and provided critical feedback. All authors contributed to editing the
final paper.

Competinginterests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Margarita Garcia-Vila.

Peer review information Nature Food thanks Bin Wang, Qiang Yu and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing agreement
with the author(s) or other rightsholder(s); author self-archiving

of the accepted manuscript version of this article is solely
governed by the terms of such publishing agreement and
applicable law.

© Springer Nature Limited 2025

Nature Food | Volume 6 | June 2025 | 553-562

561


http://www.nature.com/natfood
http://www.nature.com/reprints

Review article https://doi.org/10.1038/s43016-025-01179-y

'Instituto de Agricultura Sostenible, CSIC, Cérdoba, Spain. ZInstitute of Bio- and Geosciences, Agrosphere (IBG-3), Forschungszentrum Jiilich GmbH,
Jiilich, Germany. *University of Bonn, Bonn, Germany. “Tasmanian Institute of Agriculture, University of Tasmania, Launceston, Tasmania, Australia.
Yangtze University, Jingzhou, China. ®LEPSE, Université de Montpellier, INRAE, Institut Agro Montpellier, Montpellier, France. "University of Kassel, Kassel,
Germany. ®China Agricultural University, Beijing, China. *University of Milan, Milan, Italy. °lowa State University, Ames, IA, USA. "Department of Life
Science Engineering, Digital Agriculture, HEF World Agricultural Systems Center, Technical University of Munich, Munich, Germany. ?Gembloux Agro-Bio
Tech, Liege University, Gembloux, Belgium. ®International Institute for Applied Systems Analysis, Laxenburg, Austria. “Michigan State University, East
Lansing, MI, USA. ®Fujian Agriculture and Forestry University, Fuzhou, China. ®Chinese Academy of Sciences, Beijing, China. "University of Sao Paulo,
Piracicaba, Brazil. ®Wageningen University and Research, Wageningen, the Netherlands. ®University of Florence, Florence, Italy. 2°University of Florida,
Gainesville, FL, USA. ?'Leibniz Centre for Agricultural Landscape Research (ZALF), Miincheberg, Germany. *Global Change Research Institute of the
Czech Academy of Sciences, Brno, Czech Republic. KIT/IMK-IFU, Garmisch-Partenkirchen, Germany. *National Engineering and Technology Center for
Information Agriculture, Engineering Research Center of Smart Agriculture, Ministry of Education, Key Laboratory for Crop System Analysis and Decision
Making, Ministry of Agriculture, Nanjing Agricultural University, Nanjing, China. ZInstitute of Biochemistry and Biology, University of Potsdam, Potsdam,
Germany. CSIRO Agriculture and Food, Canberra, Australian Capital Territory, Australia. ’Natural Resources Institute Finland (Luke), Helsinki, Finland.
e-mail: mgarcia-vila@ias.csic.es

Nature Food | Volume 6 | June 2025 | 553-562 562


http://www.nature.com/natfood
mailto:mgarcia-vila@ias.csic.es

	Gaps and strategies for accurate simulation of waterlogging impacts on crop productivity

	Simulation of waterlogging conditions

	Simulation of aeration stress and recovery mechanisms

	Disparities in coverage of waterlogging effects on soil and crops

	Pathways for improving model simulation of waterlogging and agricultural adaptation

	Acknowledgements

	Fig. 1 Overview of the processes and drivers leading to waterlogging and associated effects on soil and crop performance.
	Fig. 2 Processes in CMs involved in simulating waterlogging conditions.
	Fig. 3 Mechanisms required to initiate waterlogging stress in CMs.
	Fig. 4 Effects of waterlogging on soil properties and solute transport processes in CMs.
	Fig. 5 Processes relating to waterlogging that are captured in CMs.
	Table 1 CMs reviewed.




