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3.2. Soil water balance 

Deep drainage is a main approach of rainfall loss 
when the amount of rainfall exceeds soil water 
capacity. The incorporation of pasture into the 
cropping system could significantly reduce this 
loss (Fig. 5A). Averaged over sites and rotations, 
deep drainage in crop system ranged in 71.9-77.1 
and 76.6-84.1mm yr-1 under SSP245 and SSP585, 
respectively, which was reduced to 34.6-42.6 and 
39.2-42.6 mm yr-1 during the crop phase in mixed 
system and to 16.4-17.4 and 17.3-22.2 mm yr-1 
during the pasture phase. Runoff during the 
pasture phase in mixed system was also largely 
reduced. As a result, the mixed system 
significantly increased RHE compared to crop 
system under all climate scenarios (Fig. 5B). RHE 
of crops system ranged in 0.82-0.83, while that of 
the crop phase and pasture phases in mixed system 
ranged in 0.89-0.91 and 0.95-0.96, respectively. 
Climate scenarios showed little effect on the RHE. 
On system perspective, RHE in the mixed system 
was 11.0%-12.3% higher than crop system. 

Within ET, the mixed system significantly 
partitioned more water to plant transpiration 
compared to crop system (Fig. 5C). T/ET of crop 
system ranged in 0.28-0.31, which was increased to 
0.35-0.37 in the crop phase in mixed system, and 
increased to 0.46-0.48 in the pasture phase in mixed 
system. Averaged over different phases in the mixed 
system, the T/ET in mixed system was increased by 
38.1, 38.9 and 40.1% compared to crop system in 
history, NF, and FF, respectively, under SSP 245; 
and was increased by 37.9, 42.0 and 44.6% in 
history, NF, and FF, respectively, under SSP585. 

Throughout the rotation cycle, soil water storage 
was generally recharged during the crops phase and 
depleted during the pasture phase. Specifically, 
alfalfa depleted soil water storage to meet its high 
water consumption in the first year after planting. 
Averaged over different cropping system, the water 
depletion was as high as 31.9 mm yr-1 in history, 
reduced to 30.2-30.7 mm yr-1 under SSP245 
scenarios, and further reduced to 26.8-27.9 mm yr-1 
under SSP585 scenarios. However, no apparent soil 
water depletion occurred in the following years, and 
soil water was even replenished in the last year of 
the pasture phase (data not shown). 

Summed over the whole pasture phase, WCWC also 
showed the highest water facilitation to pasture 

-60
-40
-20

0
20
40
60
80

(a) History

WCWC WFWC WFWO
WWB WWC WWO

Crop phase

Pasture phase

-60
-40
-20

0
20
40
60
80

(b) SSP245 near future

Pasture phase

Crop phase

-60
-40
-20

0
20
40
60
80

(c) SSP245 far future

Pasture phase

Crop phase

-60
-40
-20

0
20
40
60
80

(d) SSP585 near future

Pasture phase

Crop phase

-60
-40
-20

0
20
40
60
80

1st yr 2nd yr 3rd yr 4th yr 1st yr 2nd yr 3rd yr 4th yr

(e) SSP585 far future

Pasture phase

Crop phase

So
il 

ni
tro

ge
n 

us
ed

 (t
 h

a-1
)

 
Figure 4. Soil N depletion in each year during crop 
phase (soil N decreased) and pasture phase (soil N 

increased) in the mixed farming system 

 
Figure 5. Drainage, RHE and fraction of T in ET in 

the mixed system as compared to crop system. 
Boxplots show distribution over 27 GCMs. Blank 

line means history data 
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phase among the 8-yr rotations, with values of 32.1 mm in history, which decreased to 30.9 and 30.2 mm in 
NF and FF under SSP245, respectively; and decreased to 29.6 and 25.2 mm in NF and FF under SSP585, 
respectively. WWB showed the highest water facilitation among the 6-yr rotations, with values of 35.7 mm in 
history, which decreased to 34.0 and 29.9 mm in NF and FF under SSP245, respectively; and had values of 
35.0 mm and 38.7 mm in NF and FF under SSP585, respectively. On the spatial view of water facilitation in 
WCWC, a large part of the middle and west had a water facilitation of only 0-30 mm. The facilitation 
distributed similarly with the rainfall pattern, increased from west to east, ranged in 30-90 mm in most areas 
in the southeast (data not shown). 

3.3. Crop grain 
yield and system 
CP yield 

Water and nitrogen 
facilitations in the 
mixed system 
benefited the crop 
production. 
Averaged over the 
study region, crop 
grain yield in the 
mixed system was 
greatly improved 
compared to pure 
cropping system, 
for all of the 
rotation sequences. 
Wheat yield was 
greatly enhanced 
while canola yield 
was only slightly improved in the WCWC. Yield of field pea was negatively affected in WFWC and WFWO, 
WCWC had the highest yield improvement among 8-yr rotations. Yield of wheat, barley, canola, and oats were 
all improved in the 6-yr rotations, WWO showed the highest improvement. The yield of crops improvement 
was slightly enhanced under SSP245 NF under SSP254 FF, and further enhanced under SSP585 NF and 
SSP585 FF. 

On a spatial view (Fig. 6), there were only a few regions in the west part showed yield reduction, large areas 
in the middle and west showed yield improvement rate of 0-20% in all 8-yr rotations under history scenario, 
yield increment in the southeast was most significant in WCWC. Among the 6-yr rotations, WWO showed the 
most apparent yield improvement and had a similar distribution with WCWC. WWB and WWC showed large 
areas of reduction in the west. Highest improvement in the southeast ranged in 0.4-0.6 under WFWC, WFWO, 
WWB, and WWC, while attained 0.6-0.8 in WCWC and WWO. Yield improvement rate in the southeast could 
be as high as 0.8-1.2 under future climate scenarios.  

CP yield during the crop phase in mixed system was largely improved compared to the corresponding crop 
system in all rotations under all climate scenarios (Fig. 7). During the pasture phase, the protein yield in mixed 
systems were similar or lower than the corresponding crop system in history scenario; however, protein yield 
of lucerne increased more quickly than crops under future climate, the protein yield in mixed systems exceeded 
that in the crop systems under both SSP245 and SSP585 in FF. On a system perspective, WCWC and WFWO 
had the similar increments under the history scenario but WCWC performed better under all future scenarios, 
with protein yield increments of 31.6 and 37.5% in near and FF under SSP245, respectively, and 40.7 and 
48.4% in near and FF under SSP 585. WWO performed the best among 6-yr rotations with protein yield 
increment of 38.1% in history, 53.6 and 58.7% in near and FF under SSP245, respectively, and 60.1 and 68.4% 
in near and FF under SSP585. 

Averaged over different sites and rotations, WUEgrain in crop system averaged at 9.81, 10.71, and 11.03 kg ha-

1 mm-1 in history, NF and FF under SSP245, respectively, increased to 10.67, 11.60, and 11.99 kg ha-1 mm-1 in 
the mixed system, further enhanced to 12.33 and 13.60 kg ha-1 mm-1 in NF and FF under SSP585, respectively. 
WCWC showed the highest WUEgrain increment of 10.5% and 10.9% under SSP245 and SSP585 respectively. 
WUECP of mixed system was increased by 33.1, 47.1, and 54.9% than crop stems in history, NF, and FF under 
SSP245, respectively, increased by 53.6% and 61.6% in NF and FF under SSP585 respectively. 

 
Figure 6. Spatial distribution of crop grain yield improvement for different mixed 

systems over corresponding crop rotations. 
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4. DISCUSSION AND CONCLUSION 

This paper discussed 
the mechanisms 
contributing to yield 
advantage in dryland 
mixed farming 
system. We found 
that water capture 
efficiency was 
improved by reducing 
deep drainage and 
soil evaporation loss, 
water use efficiency 
was enhanced by well 
soil water and 
nitrogen conditions 
that resulted from 
water and nitrogen 
temporal facilitation. 
Both water capture 
and use efficiency 
contributed to crop 
grain yield and 
system protein yield 
in the mixed farming 
system. We also 
found that nitrogen 
facilitation, water use 
efficiency, and yield advantage were gradually enhanced under future climate scenarios, which suggested that the 
mixed system is more resilient to future climate risks such as high temperature and uneven rainfall distribution. 

Some limitations occurred in this study. First, although we found a large amount N was accumulated during 
pasture phase in the mixed system, we did not test the effect of reducing N input in following crop phase, a 
large amount of N fertilizer could be save theoretically, which need to be validated. Second, we assumed that 
50% of residual was returned after harvest, other common practices such as 100% retention and no retention 
needed to be assessed. And finally, we only considered lucerne as a pasture crop in this study, annual pastures 
and cereal-legume mixtures should be assessed in the context of mixed farming system in the future work, and 
further improve the system design. 

REFERENCES 

Basso, B., Jones, J. W., Antle, J., Martinez-Feria, R. A., & Verma, B. (2021). Enabling circularity in grain 
production systems with novel technologies and policy. Agricultural Systems, 193, 103244. 

Black, A. L., Brown, P. L., Halvorson, A. D., & Siddoway, F. H. (1981). Dryland cropping strategies for 
efficient water-use to control saline seeps in the northern Great Plains, USA. Agricultural Water 
Management, 4(1-3), 295-311. 

Diaz Rossello, R. (1992). Total nitrogen evolution in crop-pasture rotation systems. Revista INIA de 
Investigaciones Agronomicas (Uruguay). 

Entz, M. H., Baron, V. S., Carr, P. M., Meyer, D. W., Smith Jr, S. R., & McCaughey, W. P. (2002). Potential 
of forages to diversify cropping systems in the northern Great Plains. Agronomy Journal, 94(2), 240-250. 

Hirth, J. R., Haines, P. J., Ridley, A. M., & Wilson, K. F. (2001). Lucerne in crop rotations on the Riverine 
Plains. 2. Biomass and grain yields, water use efficiency, soil nitrogen, and profitability. Australian Journal 
of Agricultural Research, 52(2), 279-293. 

Holford ICR (1980) Effect of duration of grazed lucerne on long-term yields and nitrogen uptake of subsequent 
wheat. Australian Journal of Agricultural Research 31, 239–250 

Pravia, M. V., Kemanian, A. R., Terra, J. A., Shi, Y., Macedo, I., & Goslee, S. (2019). Soil carbon saturation, 
productivity, and carbon and nitrogen cycling in crop-pasture rotations. Agricultural Systems, 171, 13-22. 

Ridley, A. M., Christy, B., Dunin, F. X., Haines, P. J., Wilson, K. F., & Ellington, A. (2001). Lucerne in crop 
rotations on the Riverine Plains. 1. The soil water balance. Australian Journal of Agricultural 
Research, 52(2), 263-277. 

0

1

2
Crop system
Mixed system

16.8%↑

6.2%↑ 18.1%↑ 32.7%↑ 16.2%↑ 38.1%↑

0

1

2

31.6%↑ 15.9%↑ 28.2%↑ 49.2%↑ 29.4%↑ 53.6%↑

0

1

2

37.5%↑ 19.4%↑ 31.6%↑ 53.6%↑ 33.7%↑ 58.7%↑

0

1

2

40.7%↑ 21.8%↑ 34.6%↑ 56.0%↑ 34.9%↑ 60.1%↑

0

1

2

Crop
phase

Pasture
phase

48.4%↑

Crop
phase

Pasture
phase

27.3%↑

Crop
phase

Pasture
phase

39.8%↑

Crop
phase

Pasture
phase

64.3%↑

Crop
phase

Pasture
phase

43.6%↑

Crop
phase

Pasture
phase

68.4%↑

WCWC

History

WFWC WFWO WWB WWC WWO

SSP245 NF
SSP245 FF

SSP585 NF
SSP585 FF

A
bo

ve
gr

ou
nd

 p
ro

te
in

 y
ie

ld
 (t

 h
a-1

)

 
Figure 7. Increments in aboveground protein yield for different mixed systems, as 

compared to corresponding crop rotation system 
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