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Abstract 

Purpose Perennial crops have been suggested as a 

more sustainable alternative  to the currently most 

common cropping systems. Compared with annual 

plants, perennial plants produce more biomass and 

have deeper roots, and are expected to lead to higher 

soil organic carbon (SOC). This hypothesis, however, 

has not been well tested for grain crops.

Methods Using perennial intermediate wheatgrass 

(IWG, Thinopyrum intermedium) and annual winter 

wheat (Triticum aestivum) as focal species, and native 

grassland as reference, we quantified the SOC accumula-

tion via a process-based model, describing water and heat 

exchanges and carbon-nitrogen cycling in the canopy and 

soil to a depth of 2 m. The model includes C fixation via 

photosynthesis, plant biomass growth and litter produc-

tion, physical protection of SOC, depolymerisation, C 

mineralisation, nitrification, denitrification, microbial 

growth, and necromass turnover in the soil. While of 

general applicability, we considered a sandy loam under 

warm-summer humid continental climate.

Results Following a conversion from native grass-

land, IWG reduced SOC losses by at least 38%, espe-

cially in the  particulate organic carbon (POC) pool, 

within the top 2  m of soil, compared with annual 

wheat. Soil microbial biomass and soil respiration 

were higher in IWG than annual wheat. Shifting from 

annual wheat to high photosynthetic capacity IWG 

increased SOC by about 33  g C  m−2  y−1 (averaged 

over a 4-year continuous IWG cropping), with a large 

fraction of SOC gain stemming from restoring POC.

Conclusion Compared with annual grains, peren-

nial grains can increase soil carbon sequestration 

and maintain SOC at levels nearer to that of native 

grasslands.
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Introduction

The loss of soil organic carbon (SOC) from the con-

version of native ecosystems to agricultural land can 

compromise the ability of soils to provide ecosystem 

services important for sustaining food production and 

biodiversity (Lehmann et al. 2020). SOC can enhance 

crop productivity through water and nutrient reten-

tion, maintain good water quality by retaining or 

removing pollutants through adsorption and biotic 

transformation, and mitigate climate change through 

carbon (C) sequestration (Lal 2016). Accumulating or 

restoring SOC while maintaining primary production 

of food, feed and fibre is a key target for sustainable 

agriculture.

The production of staple food is currently heav-

ily dependent on annual crops. There is a growing 

interest in exploring perennial grain crops as a more 

sustainable alternative (Wagoner and Schaeffer 1990; 

Crews et  al. 2018; Glover et  al. 2010; Kim et  al. 

2022). Although current breeds of perennial grain 

crops typically yield less grain than annuals, there has 

been a continuous research endeavour by plant breed-

ers and agronomists in recent years to enhance their 

yield potential (Bajgain et  al. 2022), making peren-

nial grain crops more economically viable. As pro-

gress is made, the adoption of perennial grain crops 

could offer significant benefits for sustainable agricul-

ture. Compared with annual species, perennial plants 

can produce more biomass and have deeper, more 

extensive and developed root systems (Vico et  al. 

2016; Sprunger et al. 2018). These plant characteris-

tics can lead to higher litter inputs and root exudation, 

making perennial crops a better candidate for SOC 

accumulation than annuals (Crews and Rumsey 2017; 

Ledo et  al. 2020). Indeed, SOC increased after con-

versions of annual croplands to perennial grasslands 

or perennial bioenergy crops (Kaempf et  al. 2016; 

Ledo et al. 2020; Anderson-Teixeira et al. 2009; Qin 

et  al. 2016; Crews and Rumsey 2017). In the case 

of perennial grain, only a few studies quantified the 

soil C stock change (Sprunger et al. 2018, 2019; Pug-

liese et al. 2019; van der Pol et al. 2022; Rakkar et al. 

2023; Taylor et  al. 2023). Among these, one study 

compared particulate organic matter contents in soils 

cultivated with annual winter wheat and perennial 

intermediate wheatgrass (IWG, Thinopyrum inter‑

medium) over a 4-year period in Michigan (Sprunger 

et al. 2018). The researchers found no significant dif-

ferences, but this was not surprising given the sandy 

texture of the soil and the short duration of the crop-

ping system. Negligible or marginal increase in SOC 

under perennial grain cropping was also observed in 

two other recent short-term field experiments (Rakkar 

et al. 2023; Taylor et al. 2023). Detecting substantial 

changes in total SOC within a timeframe less than 

5 years is challenging (Necpálová et  al. 2014), and 

hence, relying solely on field studies to assert the 

potential of IWG to enhance SOC within a realistic 

timeframe could be misleading. In contrast, another 

study comparing annual grains and IWG across three 

paired sites, where IWG had been cultivated for 5–17 

years, suggested the potential for IWG to increase 

SOC at depth, particularly in the form of particulate 

organic matter (van der Pol et al. 2022). These con-

trasting results underscore the necessity of employ-

ing mathematical models to comprehensively explore 

the capacity of perennial grain crops to enhance SOC 

within a timeframe that aligns with practical cropping 

practices.

It is difficult to predict how SOC stock differs 

between annual and perennial grain cropping sys-

tems because the mechanisms at play have oppo-

site effects. A deeper and more extensive root sys-

tem can lead to higher amounts of SOC at a greater 

depth through root exudation in the short-term and 

root mortality and decomposition in the long-term 

(Thorup-Kristensen et  al. 2020). But increased root 

exudates in some cases promote rhizosphere priming 

by stimulating microbial activity and mobilising min-

eral-associated (protected) organic matter, potentially 

resulting in a net loss of SOC (Bengtson et al. 2012; 

Keiluweit et al. 2015). In parallel, increased microbial 

growth leads to necromass formation, which tends 

to attach onto mineral surfaces or “stick” within soil 

aggregates, forming mineral-associated organic mat-

ter that is relatively stable and has long turnover time 

(Cotrufo et al. 2015; Kallenbach et al. 2016). Annual 

and perennial grains differ also in water use patterns 

and canopy-atmosphere coupling (Vico and Brunsell 

2018; Sutherlin et al. 2019; Vico et al. 2023), which 

can affect soil water availability that in turn medi-

ate microbial activity and the C cycle. Because the 



511Plant Soil (2024) 494:509–528 

1 3
Vol.: (0123456789)

feedbacks between plants, soil microbes, and abiotic 

soil processes are highly non-linear, the net effect of 

these intricate interactions in perennial grain crop-

ping systems remains largely unknown.

We investigated the role of annual and perennial 

grain cropping on SOC stock and C cycling via a 

plant-soil mechanistic model, representing water and 

heat flows along a continuous canopy-soil profile and 

accounting dynamically for crop development. The 

model also includes coupled C-N cycles that explic-

itly describe SOC protection, depolymerisation, C 

mineralisation, nitrification, and denitrification. The 

model also represents the microbial dynamics of 

five microbial functional groups, capturing soil tem-

perature and moisture effects on microbial growth 

and necromass turnover. We hypothesised that (1) 

perennial grain cropping can maintain a SOC level 

nearer to a multi-species perennial C3 grassland than 

the annual crop; and (2) perennial grain crops can 

increase SOC in a soil that has a history of continu-

ous annual wheat cropping. While the model is of 

general applicability, we use annual winter wheat 

(Triticum aestivum) and perennial wheat undergoing 

domestication (intermediate wheatgrass, IWG, Thino‑

pyrum intermedium) as the model crops, and a multi-

species perennial C3 grassland as the reference. We 

parameterised and benchmarked the model for annual 

wheat and the perennial IWG, assuming both systems 

were subject to the same management practices. To 

facilitate the comparison with the grassland system, 

we assumed no till, rainfed cropping, and realistic fer-

tilisation based on common wheat cropping practices.

Methods

Model description

Model overview

The model simulates the energy, water, C, and nitro-

gen (N) flows within the coupled plant-soil system, 

via four coupled modules (Fig.  1a): (i) the canopy 

module, simulating crop C assimilation and respira-

tion, and transpiration, as a homogenous single crop 

layer (‘big leaf’; Luan and Vico 2021); (ii) the crop 

growth module, simulating the allocation of assimi-

lated C to five different crop compartments; (iii) the 

soil C and N cycles module, considering above and 

belowground litter inputs, root exudation, depolymer-

isation, C mineralisation, nitrification, denitrification, 

and microbial growth and turnover (Pasut et al. 2021); 

Fig. 1  a Scheme of the plant-soil coupled model and b the simulated scenarios. IWG-H and IWG-L refer to intermediate wheatgrass 

with high and low photosynthetic capacity, respectively
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and (iv) the vadose zone module (Maggi 2019), simu-

lating soil water and heat dynamics over a multi-layer 

soil column. The model was solved numerically, at a 

sub-daily time step, except for the crop growth mod-

ule, which was solved at a daily time step.

The vadose zone and soil C-N cycle modules 

included in this model have been previously tested 

in several field to global-scales studies (Ceriotti 

et al. 2020; Pasut et al. 2021; Guglielmo et al. 2021), 

whereas the canopy and crop growth modules were 

developed based on existing models (Farquhar et  al. 

1980; Fatichi et al. 2012; Luan and Vico 2021), rest-

ing on well-established principles.

Canopy module: crop C and water exchange

The canopy module determines the canopy C, water, 

and energy fluxes, accounting for the environmental 

conditions (air temperature and humidity, solar radia-

tion, soil water content). The net  CO2 assimilation 

and dark respiration were estimated using Farquhar 

photosynthesis model (Farquhar et  al. 1980). The 

kinetic parameters controlling photosynthesis rate 

(i.e., the maximum rates of carboxylation, V
cmax,25 , 

and electron transport, J
max,25 , at 25˚C) were mod-

elled as functions of canopy temperature (Bernac-

chi et al. 2001) and soil water availability (Vico and 

Porporato 2008). The module is described in detail in 

Luan and Vico (2021). We report here and in the Sup-

plementary Information only the modifications imple-

mented for the coupling to the multi-layered vadose 

zone module.

The canopy water and energy balances were solved 

at an hourly time step, forced by observed atmos-

pheric conditions. The model partitions the global 

solar radiation into the near-infrared and ultraviolet-

visible wavebands and calculates their absorptions by 

crop canopy and the total shortwave radiation reach-

ing the soil surface (see Supplementary Information, 

Text S1). To account for the effect of soil tempera-

ture, we determined the net longwave (thermal) radia-

tion absorbed by the canopy as the difference between 

the incoming thermal radiation from the sky (down-

ward) and soil (upward), and the outgoing thermal 

radiation from the canopy to the sky (upward) and 

soil (downward), following Tuzet et  al. (2003) (see 

Supplementary Information, Text S1). The longwave 

radiation reaching the soil surface is the sum of the 

downward sky thermal radiation not absorbed by the 

canopy and the thermal radiation emitted by the can-

opy (see Supplementary Information, Text S1). The 

radiation absorbed by the canopy was then combined 

with latent and sensible heat fluxes to determine the 

canopy temperature as in Luan and Vico (2021). For 

simplicity, we set gross photosynthesis to zero when 

solar radiation is below 10  W  m-2, air temperature 

below 0 oC, or average water content along the soil 

profile below the near-wilting point (i.e., at soil water 

potential of -1.4 MPa), but respiration and transpira-

tion rates were solved for also under these conditions.

The transport of water through the soil-plant-

atmosphere continuum (SPAC) was modelled as gra-

dients of total water potential across a series of con-

ductances (Manzoni et  al. 2013), from soil to root, 

root to leaf (i.e., xylem), and leaf to the atmosphere 

(i.e., stomatal). We calculated the soil to root con-

ductance g
sr

 along the soil profile by considering the 

layer-specific soil hydraulic conductivity, root length 

density and volume fraction (Lhomme 1998) (see 

Supplementary Information, Text S2). Root to leaf 

conductance was assumed to decline with leaf water 

potential, from a maximum value, g
p,max

 , dependent 

on leaf area index (LAI). Leaf to atmosphere conduct-

ance was determined as the series of stomatal con-

ductance, estimated based on an optimality principle 

(Vico et al. 2013), with canopy boundary layer con-

ductance depending on wind velocity (Campbell and 

Norman 1998), and aerodynamic bulk conductances 

considering the roughness length and diabatic correc-

tion for momentum (Webber et al. 2016). Knowledge 

of the conductances along the SPAC allows determin-

ing canopy transpiration rate and temperature (Luan 

and Vico 2021).

The crop transpiration, absorbed radiation, and 

canopy temperature drive the subsequent iteration 

of the vadose zone module providing soil water and 

heat dynamics over a multi-layer soil column. At each 

time step, the simulated soil temperature and water 

content feedback into the canopy module to regulate 

canopy temperature and stomatal conductance.

Crop growth module

The net primary productivity (NPP, i.e., the net C 

gain from photosynthesis) was calculated as the gross 

C assimilated through photosynthesis minus the sum 

of maintenance and growth respiration of the whole 

plant. The leaf maintenance respiration rate (i.e., 
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the sum of light and dark respiration) was obtained 

from the Farquhar model described above, while the 

maintenance respiration of roots and stems was cal-

culated as a function of their N content following Fat-

ichi et al. (2012). The growth respiration of the whole 

plant was determined as a fraction of the remaining C 

after deducting the cost of maintenance respiration as 

in Fatichi et al. (2012) (see details in Supplementary 

Information, Text S3).

NPP was allocated, depending on the growth 

stage (a function of growing degree days, GDD), to 

five compartments: leaf, stem, root, grain, and labile 

C used for root exudation. The size of the compart-

ments and their attributes (e.g., LAI and root length 

density) evolve dynamically over time, as the result 

of newly allocated C and senescence of leaves, stems, 

and roots. The dead tissues return to the soil feeding 

the soil C and N cycles, while grain and parts of the 

leaves and stems were harvested for food and feed. 

The dynamics of crop growth were solved at a daily 

time-step.

We also modelled the dynamic of N content in 

each compartment based on a compartment-spe-

cific reference C:N ratio. Hourly N uptake by crops 

depends on N demand and availability in soil (see 

details in Supplementary Information, Text S3).

Soil C and N cycle

To simulate the dynamics of soil organic C and N, 

we used a simplified version of C-N coupled reaction 

network (Biotic and Abiotic Model for SOM-version 

4, BAMS4; Pasut et al. 2021). The original BAMS4 

includes modules for methane and sulfur cycles, but 

they were switched off here. The C-N reaction net-

work consists of nine pools, including two SOC 

polymer pools, PolyC (representing lignin, cellulose, 

and hemicellulose) and PolyCN (representing pepti-

doglycan), and two low-molecular weight SOC pools, 

MonoC (representing monosaccharides, organic 

acids, fatty acids, and phenols) and MonoCN (repre-

senting amino acids, amino sugars, and nucleotides). 

Finally, we represented five microbial functional 

groups (Supplementary Information, Figure S2). The 

decomposition of SOC pools and the transformation 

of N into various oxidation states depend on micro-

bial activity, which is affected by soil temperature, 

soil water availability, oxygen content, and nutrient 

availability. The dynamics of microbial functional 

groups were explicitly modelled, including micro-

bial assimilation of C and N, growth, mortality, and 

necromass turnover. The root and straw litters decom-

pose into simpler polymers and low-molecular weight 

organic C (Riley et al. 2014), while root exudates con-

tain only low-molecular weight organic C (Grayston 

et al. 1997; Warren 2016). Urea input via fertilization 

is hydrolysed into  NH4
+, which is then taken up by 

crops, assimilated by microorganisms, and nitrified to 

 NO2
- and  NO3

-. The latter compounds were modelled 

explicitly to describe denitrification and production of 

NO,  N2O and  N2.

SOC pools (PolyCN, MonoC, and MonoCN), urea, 

 NH4
+, and  NO3

- can become physically protected by 

soil minerals and aggregates. The protected forms 

(or known as mineral-associated) are assumed to be 

inaccessible to microbial activity and crop uptake. All 

aqueous chemicals can undergo advection, diffusion, 

and gas dissolution. Details of the C-N reaction net-

work are reported in Text S4 and Table S3 of the Sup-

plementary Information.

Vadose zone module

We used the general-purpose multi-phase and multi-

component BioReactive Transport Simulator, BRT-

Sim v5.0a (Maggi 2019) to solve for the dynamics of 

water, heat, and biogeochemistry in the vadose zone. 

BRTSim simulates, over a one-dimensional variably 

saturated soil column, the water, gas, and heat flows, 

the transport of aqueous and gaseous chemical spe-

cies, and the kinetics of biotic and abiotic processes 

included in the C-N coupled reaction network. The 

water flow is modelled using the Richards equa-

tion (Richards 1931) with the Brooks–Corey relative 

permeability-water potential-saturation relationship 

(Brooks and Corey 1964). The advection of dissolved 

chemicals is described by Darcy’s equation, while the 

diffusion of aqueous and gaseous compounds is based 

on Fick’s law. Chemical and biochemical kinetic reac-

tions are described using Michaelis-Menten-Monod 

kinetics (Michaelis and Menten 1913; Monod 1949). 

The aqueous complexation and gas dissolution are 

represented based on the mass action law. The protec-

tion of SOC pools is modelled using Langmuir kinet-

ics, while the protection of  NH4
+,  NO3

-, and urea is 

modelled using Freundlich’s adsorption isotherms. 

Detailed description of the equations used to model 

the above processes are presented in the User Manual 
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and Technical Guide of BRTSim v5.0a (Maggi 2021), 

with the key equations used here reported in Text S4 

and S5 of the Supplementary Information.

Boundary conditions are water, heat, and gas 

exchanges between the soil and the air and canopy at 

the top of the soil column, while a single large ele-

ment with minimal heat and gas exchange is used 

to represent free drainage at the bottom. The model 

does not include horizontal runoff and the interac-

tion with groundwater. Water input occurs via pre-

cipitation (and possible ponding) and losses via soil 

water evaporation and plant transpiration. Losses via 

soil water evaporation occur only in the first soil layer 

and depend on the potential evapotranspiration, soil 

saturation, and the canopy cover fraction (Raes et al. 

2009). The transpiration flux calculated by the can-

opy module is split over the soil profile proportion-

ally to the root fraction distribution profile calculated 

as in Schenk and Jackson (2002) (see Supplementary 

Information, Text S3).

Vegetation parameters: annual and perennial wheats, 

and native grassland

While the model is of general applicability, we 

parameterised it for winter wheat (Triticum aestivum) 

as our model annual crop and intermediate wheat-

grass (Thinopyrum intermedium) as the perennial 

counterpart. The perennial Thinopyrum intermedium 

is undergoing de novo domestication as a crop spe-

cies and produces grain sold under the trademark 

Kernza®. Based on literature data, we expect the two 

crops to differ in canopy characteristics, photosyn-

thetic activity, biomass allocation patterns, and root 

characteristics, as detailed next. Values of the param-

eters are reported in Table S2 of the Supplementary 

Information.

Compared with winter wheat, IWG could achieve 

a greater LAI and a higher canopy height at matu-

rity (Tinsley 2012) with thicker leaves (i.e., lower 

specific leaf area, SLA; Jaikumar et  al. 2013). IWG 

also allocated more biomass belowground, but less 

to grains (Sprunger et al. 2018). Its roots were deeper 

(Sprunger et  al. 2018) and slightly coarser (i.e., had 

larger average root diameter; Duchene et  al. 2020). 

The growing degree days (GDD) required for a cer-

tain phenological stage, defined as the sum of daily 

temperatures above 0 °C, were generally greater for 

IWG than annual wheat, based on data from Jungers 

et al. (2018) for IWG and from USDA (2021) for win-

ter wheat.

There was more variability in terms of photo-

synthetic capacity among perennial species (Jaiku-

mar et  al. 2014; Vico et  al. 2016). We thus tested 

two IWG, differing in their photosynthetic capacity, 

i.e., either higher (IWG-H) or lower (IWG-L) than 

the winter wheat. IWG-H was assumed to have 36% 

and 53% higher maximum carboxylation and elec-

tron transport rate at 25 °C ( V
cmax,25 and J

max,25 ) than 

annual wheat, based on gas exchange measurements 

on IWG (Jaikumar et al. 2014). IWG-L was assumed 

to have 11.3% lower V
cmax,25 and J

max,25 than annual 

wheat, based on the average differences between con-

generic perennials and annuals (Vico et al. 2016).

Plant conductance under well-watered conditions 

( g
pmax

 ) was determined from a reference value esti-

mated for annual wheat (Lawlor 1973); subscript ref), 

after rescaling by the time-dynamic LAI of each mod-

elled crop, i.e., g
pmax

=gpmax,ref × LAI∕LAIref  , with 

LAIref = 3mleaf
2  mground

-2.

We considered a native grassland as reference. We 

used vegetation parameters corresponding to those of 

a C3 grassland (see details in Table S2 of the Supple-

mentary Information). All the other parameters were 

assumed to be the same for all systems.

Environmental conditions

The model was run based on environmental conditions 

observed at W.K. Kellogg Biological Station in Hick-

ory Corners, MI, USA (42˚24’N, 85˚24’W), for easy 

comparison with the wealth of observations available 

for this site. The site has a warm-summer humid con-

tinental climate. Time series of hourly global solar 

radiation, air temperature, precipitation, and rela-

tive humidity from 2012 to 2020 were obtained from 

the U.S. Climate Reference Network (Diamond et al. 

2013). The monthly potential evapotranspiration was 

sourced from the Climatic Research Unit time-series 

datasets (Harris et al. 2020). Wind speed was assumed 

to be constant at the annual average value (Diamond 

et al. 2013) of the modelled site. Atmospheric deposi-

tion of  NH4
+ and  NO3

− was set to an annual rate of 

0.5 g N  m−2  y−1 (Woodmansee 1978).

Soil properties for the location of W.K. Kellogg 

Biological Station were extracted from gridded data. 

The site has a sandy loam soil. We used SoilGrids2.0 
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dataset (Poggio et  al. 2021) for the soil bulk den-

sity and organic C content, while soil porosity was 

obtained from the SoilGrids1.0 dataset (Hengl et  al. 

2017). Soil permeability, pore volume distribution 

index and air-entry suction of the Brooks–Corey 

model, soil heat capacity, and heat conductivity were 

obtained from Dai et al. (2019), and soil residual liq-

uid saturation from Zhang et al. (2018). Soil proper-

ties at different soil depths are reported in Table S4 of 

the Supplementary Information.

Simulations

To compare the impacts of annual and perennial grain 

crops on SOC dynamics, we contrasted two cropping 

systems (Fig. 1b): (i) the annual winter wheat system, 

corresponding to an annual winter wheat monoculture 

with bare soil outside the growing season; and (ii) the 

perennial IWG system. No tillage was assumed for 

both systems, so that soil characteristics (e.g., poros-

ity and bulk density) were considered time invariant 

and homogeneous within each layer including the top 

one (i.e., 0–15 cm).

We initialised the biogeochemical fluxes and pools 

based on a 1000-year spin-up simulation, reach-

ing near steady state conditions, for an unmanaged 

native C3 grassland, beginning with SOC extracted 

from SoilGrids2.0 (Poggio et al. 2021). The climatic 

conditions for the spin-up were those from 2012 to 

2020, with years re-occurring in randomised order. 

The simulated above and belowground biomass of the 

grassland was within ranges reported for grasses at 

the W.K. Kellogg Biological Station (Lei et al. 2021), 

suggesting the modelled status at the end of the 

spin-up simulation represents conditions of a native 

grassland.

To investigate the role of land-use history on SOC 

dynamics in annual and perennial systems, we con-

sidered two scenarios (Fig.  1b). In Scenario 1, we 

assumed the native grassland was converted to winter 

wheat and IWG without tillage, i.e., we initialised the 

model with the soil conditions at the end of the 1000-

year spin-up simulation and ran it with parameters 

relative to winter wheat and IWG for 4 growing sea-

sons, corresponding to climatic conditions observed 

during 2012–2016. The IWG stand age was limited to 

4 years to minimise the impact of grain yield decline 

as the plant ages (Tautges et  al. 2018), which was 

not accounted for in our model. In Scenario 2, we 

assumed that 4 years of the annual winter wheat crop-

ping were followed either by an additional 4 years of 

the same crop or by IWG (converted from the annual 

system without tillage), i.e., the soil conditions at the 

end of the 4th growing season of annual winter wheat 

were used to initialise both winter wheat and IWG 

in this second scenario. Climatic conditions corre-

sponded again to 2012–2016. In both scenarios, land 

conversion was modelled as occurring without tillage. 

In practice, a no-till conversion can be challenging 

and may require herbicide applications and a one-

year transition period, in particular the conversion of 

grassland to cropland.

Sowing and harvesting dates were set based on 

Sprunger et  al. (2018). In both scenarios, winter 

wheat was sown every year in early-October (i.e., on 

the day of the year, DOY 273), while IWG was sown 

only once in the first year on the same day. Winter 

wheat was harvested in mid-July (on DOY196), while 

IWG was harvested in late August (on DOY 238) 

every year. Both crops were harvested for grains and 

straws. At harvest, IWG was cut to a canopy height 

of 0.2 m and a LAI of 0.5  mleaf
2  mground

−2, with all 

cut straw removed from the field. For winter wheat, a 

portion of leaves and stems equivalent to LAI of 0.5 

 mleaf
2  mground

−2 was assumed to be left on the ground 

and dead roots were left in the soil without tillage. 

Both winter wheat and IWG systems were fertilised 

with urea at an annual rate of 90 kg N  ha−1  y−1. 

Details of sowing, harvesting, and fertilisation prac-

tices are reported in Text S6 of the Supplementary 

Information.

Model output analyses

For the analyses, we consolidated the various SOC 

pools into three main groups: (i) particulate organic 

carbon (POC), comprising PolyC(s) and PolyCN(s) 

in solid phase, (ii) dissolved organic carbon (DOC), 

comprising MonoC(aq) and MonoCN(aq) in aque-

ous phase, and (iii) mineral-associated organic car-

bon (MOC), comprising PolyCN(p), MonoC(p) and 

MonoCN(p) in the protected form.

In Scenario 1, changes in SOC pools (∆G SOC) 

were calculated with reference to the initial condition 

of the grassland, whereas, in Scenario 2, ∆W SOC 

was expressed with reference to the soil condition 

of the winter wheat system at the end of the 4th year 

after the conversion from grassland.
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Results

Crop biomass and leaf area index

IWG-H and IWG-L had higher cumulative annual 

NPP (Figure  S4, Supplementary Information), straw 

and root biomass at harvest and LAI at flowering 

than winter wheat, but lower grain biomass (Fig. 2). 

Between the two IWGs, IWG-H had slightly higher 

cumulative annual NPP and root and straw biomass 

than IWG-L, thanks to its higher photosynthetic 

capacity.

Under the same environmental conditions, the 

modelled LAI and biomass of root, straw, and grain of 

winter wheat and IWG matched well those observed 

at the W.K. Kellogg Biological Station (Sprunger 

et al. 2018; Tinsley 2012; Fig. 2). Although the mod-

elled above and belowground biomass were in line 

with field observations, our estimated NPP (500–700 

g C  m−2  y−1 for winter wheat and 650–1170 g C  m−2 

 y−1 for IWG; Figure S4) was slightly higher than val-

ues commonly estimated by remote sensing and other 

process-based models for winter wheat in the USA 

(350–600 g C  m−2  y−1; Li et al. 2014) and higher than 

the net ecosystem exchange measured in IWG crop-

ping fields based on eddy covariance fluxes (-200 

– -810 g C  m−2  y−1; de Oliveira et al. 2018; Wiesner 

et al. 2022). This is because our estimation included 

C allocation to root exudates, which was generally 

neglected in remote sensing-based estimates and 

process-based models. After deducting the contribu-

tion of root exudates, our modelled average annual 

NPP for winter wheat, IWG-H, and IWG-L was 560 

g C  m−2  y−1, 940 g C  m−2  y−1 and 817 g C  m−2  y−1 

respectively, closer to the empirical estimates.

SOC balance

SOC inputs

IWG-H and IWG-L provided about 5–6 times higher 

SOC input than winter wheat in both scenarios, with 

IWG-H having the highest total input (Fig. 3, top row, 

grey bars). More than 95% of the SOC input in IWG 

systems came from belowground inputs (i.e., root lit-

ter and root exudates), whereas belowground inputs 

constituted 67% of the total SOC input in the annual 

system. In both winter wheat and IWG systems, POC 

accounted for approximately 60% and 40% of the 

total C input, respectively, and was primarily origi-

nated from root litter. Root exudates contributed to 

about 14% and 34% of the SOC input in winter wheat 

and IWG systems, respectively, in the form of DOC.

Our model suggests that winter wheat returned 

approximately 20% of its NPP to the soil, with only 

about 2% of its NPP allocated to root exudates. 

These values are slightly lower than those emerging 

from a meta-analysis, which found that winter wheat 

Fig. 2  a root, b  straw, and c  grain biomass of winter wheat 

(annual) and intermediate wheatgrass (IWG, perennial) at har-

vest, and d  leaf area index (LAI) at flowering, for Scenario 

1. The bars represent the range of modelled values for winter 

wheat across 4 growing seasons and for matured (older than 

one year) IWG systems during their respective growing sea-

sons. The diamond markers indicate the modelled values for 

IWG systems in their first year. IWG-H and IWG-L are inter-

mediate wheatgrass with high and low photosynthetic capaci-

ties respectively. For comparison, the biomass of root, straw, 

and grain of winter wheat and IWG observed at the end of the 

4th growing season (Sprunger et al. 2018) and LAI of IWG at 

the flowering of the 2nd year (Tinsley 2012) are reported (cir-

cle and triangle respectively)
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allocates an average of 7% of its NPP to rhizodepo-

sition, and about 26% of its NPP is returned to the 

soil when the majority of aboveground biomass is 

harvested (Bolinder et  al. 2007). Modelled IWG 

allocated 6–14% of its NPP to root exudates, start-

ing from the second year after sowing (i.e., Year 2–4; 

see Figure  S5 in Supplementary Information). Our 

estimates of NPP allocation to root exudates in IWG 

systems are lower than the 17–30% measured in per-

ennial forage fields (Bolinder et al. 2007). In another 

field study using multiple-pulse labelling with 13CO2 

and 14CO2, IWG net rhizodeposited C during one 

growing season in the top 1.5 m of soil was about 

160 g C  m−2 on average, with a range between 70 and 

250 g C  m−2 (Peixoto et al. 2022). In a separate long-

term field experiment conducted in Montana, USA, 

the rhizodeposition of IWG in the top 1.2 m of soil 

was estimated to be about 41 g C  m−2 (Sainju and 

Allen 2023). In comparison, our model estimated an 

average of 190 g C  m−2  y−1 and 160 g C  m−2  y−1 of 

root exudation in the top 2 m of soil for IWG-H and 

IWG-L, respectively. Our modelled root exudation 

Fig. 3  Average annual soil organic carbon (SOC) input rates 

(top) and average annual rates of SOC losses within the top 

2  m of soil (bottom), averaged over 4 growing seasons after 

the conversion of grassland to winter wheat and IWG (a, c; 

Scenario 1), and the conversion of winter wheat to IWG (b, d; 

Scenario 2). POC: particulate organic carbon; DOC: dissolved 

organic carbon. Depoly: depolymerisation; Min: mineralisation
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accounted for about 33% of the total belowground C 

input, matching well another field experiment, where 

net rhizodeposition of IWG was 12–44% of the total 

belowground C input across different soil layers down 

to 2.4 m (Peixoto et al. 2020). It is worth noting that 

rhizodeposition includes root exudates and other 

organic materials such as sloughed-off cells, dead 

roots, and mucilage, which were not included in our 

model.

SOC losses

While having a higher SOC input to soil, IWG sys-

tems also had a higher annual rate of SOC loss than 

the winter wheat system in both scenarios (Fig.  3, 

bottom row). The balance between input and loss 

resulted in a net SOC loss in the top 2 m of soil in the 

IWG systems in Scenario 1 and a net gain in IWG-H 

system in Scenario 2, whereas the winter wheat sys-

tem experienced a net loss in both scenarios (Fig. 4).

In both scenarios, the mineralisation of DOC 

was the primary process governing the SOC loss in 

the top 2 m of soil in both annual and IWG systems, 

accounting for more than 90% of the loss (Fig.  3). 

IWG systems had substantially higher microbial deg-

radation of N-containing DOC than the annual sys-

tem. Leaching of DOC to below 2 m was the second 

largest contributor to SOC loss, contributing an aver-

age annual loss of 8–50 g C  m−2  y−1. Our estimates of 

DOC leaching to below 2 m are higher than the aver-

age DOC leaching rate (1.53 g C  m−2  y−1) measured 

in the same site for which the model is parameterised 

(Hussain et al. 2020), but for some years our estimates 

are within the measured range (0.2–3.8 g C  m−2  y−1). 

We note that DOC leaching rates varies greatly over 

time (Figure S6 in Supplementary Information). It is 

worth noting that DOC leaching to below 2 m does 

not imply a C loss because it can contribute to deep C 

sequestration.

SOC content in the top 2 m of soil

Scenario 1: winter wheat and IWG cropping 

following a native grassland

After the conversion of grassland to winter wheat 

or IWG (Scenario 1), SOC stock within the top 

2 m of soil decreased relative to the stocks of the 

long-term grassland (Fig.  4a, grey bars). Annual 

winter wheat system lost the most SOC and 

IWG-H the least.

Changes in SOC varied in time and along the 

soil profile. The greatest SOC loss occurred within 

the top 50 cm of soil and in the first two years after 

the conversion (Figure  S7a and S8a, Supplemen-

tary Information). Over 4 growing seasons, in the 

top 30 cm, SOC stock in annual wheat decreased 

about 4%, by 330 g C  m−2 (i.e., 82 g C  m−2 and 

Fig. 4  Change in soil organic carbon (SOC) content in the top 

2 m of soil at the end of the 4th-year after the conversion of 

a  grassland to winter wheat and IWG (reference: near steady 

state grassland), and b winter wheat to IWG (reference: after 4 

years of winter wheat). POC: particulate organic carbon; DOC: 

dissolved organic carbon; MOC: mineral-associated organic 

carbon. X(s), X(aq), X(p) denotes carbon pool X in solid, 

aqueous, and protected phases respectively
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1% per year), but less than 3% in IWG systems, by 

about 83 g C  m−2 and 150 g C  m−2 in IWG-H and 

IWG-L respectively (i.e., 21 g C  m−2  y−1 and 37 

g C  m−2  y−1; Figure  S7a). Our estimates of SOC 

loss aligned well with field observations of losses 

of 22–25 g C  m−2  y−1 in the top 20 cm of soil after 

converting grassland to cropland (Oberholzer et al. 

2014). However, our estimated SOC loss rates were 

slightly lower than values reported in a meta-anal-

ysis that found an average SOC loss of about 36% 

in the top 30 cm after 20 years of conversion from 

grasslands to croplands, i.e., about 1.8% loss per 

year (Poeplau et al. 2011).

In all systems, POC and MOC constituted more 

than 99% of the SOC, with less than 1% being 

DOC (Figure  S9), as commonly observed (Bai 

and Cotrufo 2022). PolyCN and PolyCN(p) that 

represent peptidoglycan derived from microbial 

necromass made up about 70% of SOC in the top 

30 cm of soil, in line with the observed 23 – 74% 

necromass contribution to SOC in the topsoil of 

global grasslands receiving an annual precipitation 

of 800–900 mm, similar to our modelling site (Bai 

and Cotrufo 2022).

Not all SOC pools experienced a net loss 

(Fig.  4a, colours). In both annual and perennial 

systems, there was a net gain in mineral-associated 

PolyCN(p) (i.e., the protected form of peptidogly-

can derived from microbial necromass). In IWG 

systems, there was also a net gain in the aqueous 

and protected forms of N-containing low-molec-

ular weight SOC (MonoCN(aq) and MonoCN(p), 

representing amino acids, amino sugars, and nucle-

otides). Among the pools with a net loss, winter 

wheat displayed the greatest decrease in PolyC(s) 

that represents lignin, cellulose, and hemicellulose 

derived from root and straw litters, contributing 

to about 49% of the total net SOC loss. Mineral-

associated MonoC(p) that represents the protected 

forms of monosaccharides, organic acids, fatty 

acids, and phenols also showed a decrease in all 

systems.

Over the soil profile, more than 80% of losses 

in POC occurred in the top 100 cm independent of 

the cropping system (Figure S10a – d, Supplemen-

tary Information). Losses in mineral-associated 

MonoC(p) occurred mostly in soils below 45 cm in 

winter wheat, while the IWG systems had a slight 

gain in MonoC(p) between 1 and 2 m.

Scenario 2: winter wheat and IWG cropping 

following 4‑year winter wheat cropping

Four years after the conversion of the winter wheat 

monoculture to IWG (Scenario 2), IWG-H had led 

to a 132 g C  m−2 gain in the top 2 m of soil, corre-

sponding to approximately 33 g C  m−2  y−1 (Fig. 4b). 

The estimated SOC gain in IWG-H is slightly lower 

compared to the average annual gain rates of 75–100 

g C  m−2  y−1 reported in meta-analyses for the con-

version of agricultural land to grassland (Conant et al. 

2001; Bai and Cotrufo 2022). However, it aligns rea-

sonably well with the estimate of 40 g C  m−2  y−1 of 

SOC gain in IWG field reported in a study comparing 

three IWG and annual paired sites, despite those sites 

have lower NPP than our modelled site (van der Pol 

et al. 2022). The relatively low SOC gain estimated in 

this study could potentially be attributed to the sandy 

nature of the soil. However, this SOC gain did not off-

set the loss caused by the conversion of grassland to 

annual cropland.

IWG-L did not lead to a gain in SOC, although it 

had more than 10 times lower C loss than annual win-

ter wheat that was not converted to IWG. The winter 

wheat system continued to experience SOC loss in 

the top 2 m of soil at an annual rate of 106 g C  m−2 

 y−1, with more than 70% of the losses contributed by 

mineral-associated MonoC(p), of which 55% occurs 

in deeper soils (1 to 2 m, Figure  S10e – h, Supple-

mentary Information). This result is in contrast to a 

field comparison of SOC in IWG and spring wheat, 

showing higher SOC content in spring wheat at a soil 

depth of 60–90 cm (Taylor et al. 2023), whereas our 

modelled results indicated that winter wheat system 

experienced a higher SOC loss at the same depth 

compared to IWG systems (Figure S10e – h, Supple-

mentary Information).

Biomass of soil microbial functional groups

The modelled total microbial biomass within the 2 m 

soil profile ranged over 35–120  g C  m−2, of which 

60–70% in the top 30 cm (i.e., 30–85 g C  m−2). These 

estimates are consistent with the microbial biomass 

measured (59–100 g C  m−2) in the top 20 cm of soil 

in a fertilised annual wheat field with no cover crop at 

the Kellogg Biological Station (Willson et al. 2001).

After the conversion of grassland to winter wheat 

and IWG (Scenario 1), the biomass of fungi and 
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heterotrophic bacteria decreased over time, with the 

winter wheat system showing the sharpest decline 

(Fig. 5, left column). This pattern is in line with reduc-

tions in microbial biomass and enzymatic activity fol-

lowing the conversion of grassland to cropping fields 

measured in field experiments (Raiesi and Beheshti 

2014; Tang et al. 2022). After 4 growing seasons, the 

heterotrophic bacteria biomass in the winter wheat 

system was approximately 2 times lower compared 

with that in the IWG system. IWG could sustain a rel-

atively high biomass of fungi and heterotrophic bacte-

ria, to a level just slightly lower than that of grassland. 

Conversely, the conversion of winter wheat to IWG-H 

(Scenario 2) did not immediately restore fungi and 

bacteria biomass (Fig. 5, right column). It took more 

than 4 growing seasons for the bacteria biomass in 

IWG systems to stabilise to a new value, which was 

however lower than the values in Scenario 1.

Soil  CO2 emissions

IWG systems had higher soil  CO2 emissions than the 

winter wheat (Fig.  6). There was no substantial dif-

ference in the emissions between the two IWG with 

different photosynthetic capacity. After the second 

season following the conversion from grassland (Sce-

nario 1), IWG systems reached an annual  CO2 emis-

sion rate of about 600 g C  m−2  y−1. Conversely, win-

ter wheat stabilised around 300 g C  m−2  y−1 annual 

emission after 4 years of conversion (Fig. 6a). When 

winter wheat was converted to IWG (Scenario 2), 

 CO2 emission increases over the years and reaches 

Fig. 5  Biomass of fungi (top row) and heterotrophic bacteria 

(bottom row) over 4 growing seasons in Scenario 1: the con-

version of grassland to winter wheat and IWG (left column) 

and Scenario 2: the conversion of winter wheat to IWG (right 

column). The blue circles represent the endpoint of Scenario 1 

in the left column, which coincides with the start-point of Sce-

nario 2 (right column)
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about 600 g C  m−2  y−1 after the third growing season 

(Fig. 6b).

According to our model analysis, the higher soil 

respiration in the IWG systems was caused by the 

higher SOC inputs and a higher microbial biomass. 

The higher soil respiration in IWG cropping is in line 

with results of a field experiment comparing annual 

wheat against four perennial wheat genotypes in Cen-

tral Italy (Baronti et al. 2022). Overall, our modelled 

soil  CO2 emissions fall within the observed ranges 

for temperate croplands and grasslands (Bond-Lam-

berty and Thomson 2018). Our modelled  CO2 emis-

sions in IWG systems (i.e., 200–700 g C  m−2  y−1) 

closely matched the observations from a long-term 

IWG cropping experiment in Montana, USA, which 

recorded a  CO2 emission of about 425–774 g C  m−2 

 y−1 (Sainju and Allen 2023), thus supporting our 

estimates of C losses to atmosphere through hetero-

trophic respiration.

Discussion

Perennial grain cropping reduces SOC loss when 

compared with annual cropping

Following a conversion from native grassland, peren-

nial grain crops can reduce at least 38% of the SOC 

loss that would otherwise occur in the annual grain 

cropping at all soil depths (0–2 m) at our modelling 

site in Michigan, USA. This holds even for the per-

ennial with photosynthetic capacity lower than the 

annual grain. In particular, perennial grains reduced 

the loss of particulate organic carbon (POC) and 

mineral-associated non-N containing low-molecular 

weight organic C (e.g., sugars, organic acids, fatty 

acids, phenols). The mineral-associated organic car-

bon (MOC) pools in our model are defined based 

on molecular composition and thus do not exactly 

match the definition by size commonly used in pre-

vious studies (Benbi et al. 2014; Lugato et al. 2021). 

Nevertheless, the transformation of C into MOC in 

our model considered both the microbial (via forma-

tion of necromass) and physical (via association with 

mineral surfaces and protection within aggregates) 

transfer pathways (Cotrufo et  al. 2015), an approach 

similar to the Millennial model (Abramoff et  al. 

2018). The mineral associated and protected organic 

C constitutes a large fraction of SOC stock (Rumpel 

and Kögel-Knabner 2011) and is expected to be less 

vulnerable to disturbance than the unprotected par-

ticulate matter (Cotrufo et  al. 2015). However, the 

continuous disturbance in croplands can increase 

the vulnerability of the mineral associated/protected 

organic carbon (Beniston et  al. 2014), causing them 

to be more sensitive to changes in climatic patterns 

than that in native ecosystems. Perennial grain crop-

ping has the potential to reduce the loss of MOC and 

increase the resilience of SOC.

The advantage provided by perennials on SOC, 

POC and MOC can be explained by IWG larger 

belowground biomass, and hence a higher root litter 

input and root exudation. Nevertheless, the advan-

tages of perennial over annual systems in terms of 

SOC are likely underestimated by our model, because 

no tillage was assumed for both systems. Perennial 

Fig. 6  Annual soil  CO2 emissions over 4 growing seasons in a Scenario 1: the conversion of grassland to winter wheat and IWG and 

b Scenario 2: the conversion of winter wheat to IWG
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grain cropping often reduces soil physical distur-

bances, compared with tilled annual ones. These 

disturbances can break soil macroaggregates, expos-

ing the previously protected SOC and leading to 

increased microbial access (Six et  al. 2000). Hence, 

the perennial grain cropping that reduces physical dis-

turbance may have an even bigger potential to reduce 

SOC loss compared with tilled annual cropland 

(Crews et al. 2018). However, to what extent reduced 

disturbance can affect SOC stock remains uncertain, 

especially for the deeper soil layers (Ogle et al. 2019). 

Most of the field experiments reporting positive effect 

of reduced tillage on SOC stock focused only on the 

top 30 cm of soil, while the few studies that sampled 

below the 30 cm depth reported no consistent accrual 

of SOC (Baker et al. 2007).

Perennial grain crops can restore SOC following 

annual crops in the long run

We showed that the conversion of winter wheat to 

IWG with high photosynthetic capacity increased 

the size of all SOC pools (except MonoC(p) and 

MonoCN(p)) after the first growing season at our 

modelling site. At depths above 45 cm, a large frac-

tion of the SOC gain stems from restoring POC (Fig-

ure  S10, right column). However, the original SOC 

level of grassland (i.e., the level initialised prior to 

model run for Scenario 1) was not restored even after 

4 years of continuous cultivation of perennial grains.

In our simulation, the perennial cropping system 

accumulated about 150–250 g C  m−2 of SOC more 

than annual wheat in the soil top 30 cm after 4 grow-

ing seasons (Figure  S7b). However, this increase 

corresponds to less than 4% of the total SOC stock, 

which remains below the minimum detectable differ-

ence (Necpálová et  al. 2014), and hence could have 

been missed in field studies (Sprunger et  al. 2018). 

Furthermore, a minimum of seven years was needed 

to detect SOC differences between two treatments 

with at least 15 replicates (Necpálová et al. 2014). In 

fact, a long-term study on IWG cropping that spanned 

across 10 years had detected a SOC gain of about 100 

g C  m−2  y−1 in the top 30 cm of soil, higher than our 

estimates (Sainju et  al. 2023). Our modelled SOC 

gain appears lower than field observations, possibly 

caused by the sandy soil texture at our modelled site, 

which tends to have lower SOC protection capacity.

Perennial grains can improve and maintain soil 

health, not just SOC

Soil microorganisms play an important role in main-

taining soil health as they drive many fundamental 

processes that sustain the stability and productivity 

of agro-ecosystems such as the cycling of nutrients, 

biodegradation of pollutants, C sequestration, and 

formation of soil aggregates (Chantigny et  al. 1997; 

Singh et  al. 2011). The conversion of grassland to 

winter wheat or IWG cropping decreased microbial 

biomass in all systems, but the decrease in IWG sys-

tems was much reduced compared with the annual 

(Fig. 5, left column). This is because the continuous 

living roots of IWG provided a high input of root lit-

ter and root exudates throughout the year, supplying 

readily bioavailable C to soil microbes. In contrast to 

IWG systems that nearly continuously had LAI > 1 

 mleaf
2  mground

−2 beyond the first year, the annual sys-

tem we modelled lacked substantial crop cover for an 

extended period (i.e., only about 3 months per year 

have LAI > 1  mleaf
2  mground

−2). The C input to soil was 

thus much reduced. Moreover, in the site we mod-

elled, the annual winter wheat system was left bare 

after harvest in mid-July to the following sowing in 

early October. Lack of canopy cover in the summer 

led to high soil temperatures (> 35 ˚C) in the topsoil 

layers (not shown). Such temperatures exceeded opti-

mal thermal range for microbial growth in temper-

ate soils (25–30 ˚C; Pietikäinen et  al. 2005), further 

decreasing microbial biomass and widening the dif-

ference between the annual and perennial systems.

Although the IWG cropping systems can maintain 

a much higher microbial biomass than the annual one 

following a conversion from grassland, the restoration 

of microbial biomass in annual cropland by introduc-

ing perennial IWG is a slow process (Fig. 5, right col-

umn), which was also observed in a field study across 

three sites in Southern Minnesota, USA (Rakkar et al. 

2023). After 4 years of IWG following an annual 

cropping, the heterotrophic microbial biomass had 

only reached about 90% of the level IWG systems 

can maintain, and the biomass of fungi had not even 

started to recover. This slow recovery of microbial 

community is in line with observations in long-term 

field monitoring of post-agricultural grassland, where 

recovery required up to a few decades (Bach et  al. 

2010; Jangid et  al. 2011; Rosenzweig et  al. 2016). 
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Fungi have a slower growth rate than bacteria (Sun 

et al. 2017).

Increased SOC together with increased microbial 

activity can transform soil physical and hydraulic 

properties such as porosity, permeability, and hydrau-

lic conductivity. These changes generally increase the 

soil water retention capacity (Saxton and Rawls 2006; 

Pelak and Porporato 2019), even though the extent 

of the effect depends on soil texture and the initial 

SOC content (Rawls et  al. 2003). Hence, the peren-

nial grain cropping, by accumulating more SOC, is 

expected to have a higher soil water retention than the 

annual cropping and reduce nutrient leaching (Cul-

man et  al. 2013; Jungers et  al. 2019; Huddell et  al. 

2023). In addition to the potential to increase water 

holding capacity, perennial grains have deep root sys-

tem (Sprunger et  al. 2018; Thorup-Kristensen et  al. 

2020) and can take up water and nutrients from sub-

soils. They are thus better candidates for future cli-

mates projected to have less frequent but more intense 

rainfall events (Zhang et al. 2013), as well as warmer 

conditions leading to higher evaporative demands.

Processes affecting the dynamics of SOC and 

microbial biomass described above are dependent on 

the interplay between soil properties, climatic condi-

tions (e.g., solar radiation, temperature, rainfall pat-

terns), and management practices. While the model is 

of general applicability, our results refer to one spe-

cific location and management practices. Some con-

clusions may not be generalisable. For example, in 

line with Sprunger et  al. (2018), the perennial IWG 

in our modelled systems was harvested in late August 

while the annual winter wheat was harvested in mid-

July, so that the IWG systems had a longer period with 

higher LAI and greater root exudation as opposed to 

the annual system that was left bare for 2–3 months. 

The decrease of microbial biomass in annual system 

may not be so drastic if the crops were harvested in 

autumn rather than summer. Furthermore, we con-

sidered a no-till monoculture scenario to isolate the 

effects of crop life habit from other confounding fac-

tors, despite such management does not represent best 

management practices. Incorporating crop rotation 

and diversity can reduce the dependence on fertilis-

ers and pesticides and can enhance soil health and 

grain yields (McDaniel et  al. 2014; Sprunger et  al. 

2020). Although management practices in annual sys-

tem such as cover crops, crop rotation, and organic 

farming can increase microbial biomass and activity 

(Wittwer et  al. 2021; Garland et  al. 2021) and grain 

yields (Smith et  al. 2023) as well as decrease nutri-

ent leaching (Thapa et al. 2018), whether the resulting 

effects are comparable with those of perennial crop-

ping is yet to be tested.

Perennial grain crops exhibit a wide variety of 

characteristics, some of which are still under selec-

tion. We tested the role of photosynthetic capacity 

because it is key for C fixation and hence biomass 

accumulation and root exudation. Despite a 1.5-fold 

change in photosynthetic capacity between the two 

IWGs modelled, photosynthetic capacity does not 

markedly affect the ability of IWG to reduce SOC 

loss and sustain soil microorganisms. Irrespective of 

their photosynthetic capacity, the IWG we tested had 

grain yields lower than annual wheat (Fig. 2). Selec-

tion is in progress to improve yield (Bajgain et  al. 

2022). Increased C allocation to grains in future vari-

eties might reduce rhizodeposition and the potential 

for IWG to accumulate SOC. Nevertheless, a model 

simulation of an IWG cropping with a 10 times higher 

grain to shoot ratio showed that a higher C allocation 

to grain decreased only by about 11% the SOC gain 

and microbial biomass, and they are still very distinct 

to those of the annual system (results not shown). The 

selection for shorter IWG plants to minimise lodging 

may also affect the potential of IWG to reduce SOC 

loss.

Conclusions

Perennial grain crops have been proposed as an 

alternative to annual grains to enhance the sus-

tainability of agriculture. Yet, their potential to 

accumulate SOC and restore soil functioning to 

conditions relative to pre-agricultural conversion 

remains largely unquantified. Using a mechanis-

tic plant-soil model, we showed that the perennial 

wheat candidate intermediate wheatgrass can accu-

mulate more SOC than annual wheat and maintain 

a SOC level nearer to a multi-species C3 grass-

land. The perennial intermediate wheatgrass with 

high photosynthetic capacity resulted in higher soil 

C accumulation in a warm-summer humid conti-

nental climate. Compared with annual cropping, 

perennial intermediate wheatgrass reduced more 

than 38% the SOC loss and sustained 2.5 times 

higher bacterial biomass following a conversion 
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from native grassland. Perennial grain with high 

photosynthetic capacity could restore the SOC and 

microbial biomass in cropland previously under 

annual wheat, although the restoration was slow 

and did not achieve the same levels as the native 

grassland. With higher C inputs to soil and micro-

bial biomass, the perennial system had a higher 

soil respiration than the annual system. However, 

the high soil respiration in perennial grains was 

compensated by their high net primary productiv-

ity, resulting in a net C sequestration. Our study 

shows that perennial grain crops can hold their 

promises in increasing soil C and improving soil 

health and functions.
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