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Effects of climate change and crop rotation system on forage oats yield in
northern Shanxi province
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Abstract: To investigate the suitability of crop rotation systems involving forage oats (4vena sativa L.) and their response to cli-
mate change in northern Shanxi province, this study utilized the validated APSIM (Agricultural Production System sIMulator)
climate model. Three planting patterns were employed: O-O (continuous cropping of forage oats), P-O (rotation of potato and
forage oats), and M-O (rotation of maize and forage oats). Scenario simulations were conducted at eighteen sites. The results
demonstrated the effective simulation of maize, potato, and forage oats production in northern Shanxi Province using APSIM. The
normalized root mean square error (NRMSE) values were below 21%, while the Willmott agreement index (d) values exceeded
0.90. The highest forage oats yield was observed in Pinglu, Shenchi, and Zuoyun, ranging from 16,020 to 20,817 kg hm™. The
forage yield of O-O, M-O, and P-O systems in the mid-period (MID) exhibited an increase of 5.49% to 23.20% compared to the
base period (BAS). In the end period (END), the forage oats yield in Daixian, Datong, and 10 other locations improved by 0.27%
t0 9.15% compared to the MID period, while it decreased by 1.84% to 4.10% in Zuoyun, Shuozhou, Youyu, and Shenchi. Notably,
the forage yield of O-O in Fanshi was 22.76% lower in the END period compared to the MID period. The P-O system exhibited
superior soil water retention compared to other systems after the growing seasons, making it more effective in achieving high and
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stable forage oats production in most cases. For the Yanggao site, which had poor soil water storage capacity but high plant avail-
able water, the projected high precipitation conditions would compensate for the relatively high-water consumption in the O-O
system. Overall, the findings of this study contribute to understanding the response mechanism of forage oats production to re-
gional climate change in northern Shanxi Province and provide a theoretical basis for the scientific management of high and stable

forage oats production.

Keywords: forage oats; crop rotation; Agro-Pastoral Ecotone of northern Shanxi; climate change; APSIM
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Table 1 Basic soil parameters in the study area '**!
Soil depth Bulk density 15 bar lower Field capacity Field saturation Airdry coefficient
(cm) (g cm™) (mm mm™) (mm mm™) (mm mm™) (mm mm™)
0-10 1.256 0.140 0.235 0.483 0.011
10-20 1.324 0.148 0.259 0.477 0.012
20-40 1.313 0.160 0.254 0.457 0.014
40-60 1.327 0.172 0.264 0.436 0.018
60-80 1.354 0.231 0.275 0.428 0.016
80-100 1.368 0.173 0.285 0.447 0.017
100-120 1.418 0.174 0.311 0.334 0.017
F2 AAMEE. EX. SRENELSH
Table 2 Basic parameters of maize, potato, and forage oats modules '**!
Crop Parameter Description Value
tt_end_of juvenile 210
( ) Thermal time from end of juvenile to floral initiation (‘C d)
Forage oats  tt floral initiation Thermal time from floral initiation to flowering (C d) 290
(Haymaker) ¢t flowering Thermal time from flowering to grain filling ('C d) 130
photop_sens Photoperiod sensitivity 1.5
y_height Maximal plant heigh (mm) 1500
y_rue Radiation use efficiency (g MJ™) 1.9
vern_sens Vernalization sensitivity 3.0
tt_start_grain_fill Thermal time for grain filling stage (‘C d) 545
y_sla_max Maximum specific leaf area for delta LAI 2000-2200
sla_min Minimum specific leaf area for delta LAI 1800
tt_emerg_to_endjuv Thermal time from emergency to end of juvenile (C d) 200
( 228) tt_flower_to_start_grain Thermal time from flowering to grain filling ('C d) 170
Maize tt_flower_to_maturity Thermal time from flowering to maturity ('C d) 570
(Lihe 228) leaf init_rate 27

Degree days to initiate each leaf primordium until floral init (deg day) (C d)
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(#ExR2)
Crop Parameter Description Value
y_height Maximal plant heigh (mm) 3000
( 228) rue Radiation use efficiency (g MJ™") 1.85
Maize photoperiod_critl 1 Photoperiod critical value 1 (h) 12.5
(Lihe 228) photoperiod_crit2 2 Photoperiod critical value 2 (h) 20.0
photoperiod_slope Photoperiodslope 0.1
potKernelWt Potential thousand seed weight 260
y_tt_emergence Thermal time from end of juvenile to floral initiation (‘C d) 460
( 6) tt_earlytuber Thermal time from floral initiation to flowering ('C d) 510
Potato tt_senescing Thermal time from senescing to maturity ('C d) 850
(Xisen 6) X_pp_emergence Photoperiod of seedling stage (h) 12
y_height Photoperiod sensitivity (mm) 500
y_rue Radiation use efficiency (g MJ™") 1.2-2.5
X_stem_wt Stem weight per plant (g plant™) 6.0
tt_vegetative Thermal time for vegetative stage('C d) 20
tt_senesced Thermal time for senesced (C d) 5.0
shoot_rate Thermal time increase with depth for coleoptile (‘C d mm™)  0.75
1.3 (http://vdb3.soil.csdb.cn/; 4 5),
18 80%,
(3 ; ,
R , 1980—2009
(GCM) 3 , (BAS) ,
- (M-0O) - ) (http://data.cma.cn/
(P-O) (0-0), site/index.html) R Angstrom
: M-O, : 3]
, ACSGTR (AgMIP climate scenario
s M-O P-O 2 , gen-eration tools with R; www.agmip.org) (221
M-O ( ) O-M( ), CMIP5 20 ( 6),
P-O ( ) O-P( ) RCP8.5 (Representative Concentration Path-
, ( ways) 2040—2069 (MID) 2070—2099 (END)
, 5d BAS MID END CO,
10 mm , (IIASA)
) ( ) RCP (https://tntcat.iiasa.ac.at/RcpDb/),
17 390 677 935mgkg’

*3 FHHX 18 M mmEMER

Table 3 Basic information of 18 sites in northern Shanxi

Site City Longitude (°) Latitude (°) Altitude (m) Sowing date (month/day)
Tianzhen Datong 114.05 40.43 1014.7 04/28-05/18
Guangling Datong 114.27 39.75 977.8 04/26-05/16
Lingqiu Datong 114.18 39.45 938.7 04/25-05/15
Yanggao Datong 113.77 40.37 1050.3 04/27-05/17
Datong Datong 113.42 40.08 1052.6 04/27-05/17
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Site City Longitude (°) Latitude (°) Altitude (m) Sowing date (month/day)
Huairen Shuozhou 113.10 39.82 1044.6 04/22-05/12
Hunyuan Datong 113.67 39.72 1079.2 04/29-05/19
Yingxian Shuozhou 113.17 39.57 1000.7 04/24-05/14
Fanshi Xinzhou 113.27 39.17 933.9 04/24-05/14
Youyu Shuozhou 112.45 40.00 1345.8 05/05-05/25
Zuoyun Datong 112.70 40.00 1336.3 05/05-05/25
Pinglu Shuozhou 112.27 39.52 1409.4 05/03-05/23
Shenchi Xinzhou 112.20 39.10 1525.4 05/07-05/27
Shanyin Shuozhou 112.82 39.50 1045.0 04/24-05/14
Shuozhou Shuozhou 112.43 39.37 1114.8 04/25-05/15
Daixian Xinzhou 112.90 39.02 859.7 04/19-05/09
Hequ Xinzhou 111.22 39.37 1036.0 04/18-05/08
Pianguan Xinzhou 111.50 39.43 1051.7 04/24-05/14
x4 TREBRSY
Table 4 Soil types and parameters
Type order and subtype of Chinese Soil depth Bulk density 15 bar lower Field capacity saiiizon
soil classification (cm) (g mm™) (mm mm™") (mm mm") (mm mm™)

1 ( s R ) 0-20 1.396 0.042 0.184 0.473

Light castanozems (Huairen, Datong, Hunyuan) 20-32 1.398 0.045 0.190 0.472

32-79 1.405 0.065 0.262 0.470

79-150 1.406 0.069 0.248 0.470

2 ( , R ) 0-20 1.423 0.041 0.182 0.463

Light castano cinnamon (Yingxian, Shenchi, 20-65 1.422 0.046 0.179 0.463

Daixian) 65-104 1.433 0.054 0.207 0.459

104-150 1.430 0.045 0.199 0.461

3 ( R ) 0-16 1.405 0.091 0.294 0.470

Light castanozems (Zuoyun, Shanyin) 16-62 1.400 0.099 0.293 0.472

62-104 1.406 0.104 0.275 0.469

104-150 1.440 0.054 0.180 0.456

4 ( s s ) 0-5 1.419 0.090 0.170 0.465

Castano cinnamon (Pinglu, Fanshi, Hequ) 5-15 1.417 0.086 0.172 0.465

15-62 1.416 0.084 0.169 0.466

62-90 1.418 0.122 0.216 0.465

90-128 1.560 0.119 0.236 0.411

128-150 1.560 0.119 0.236 0.411

5 ( s s s s ) 0-23 1.428 0.104 0.211 0.461

Castano cinnamon (Shuozhou, Tianzhen, Guan- 23-50 1.418 0.126 0.240 0.465

gling, Lingqiu, Pianguan) 50-90 1.410 0.130 0.252 0.468

90-150 1.411 0.128 0.251 0.467

6 ( ) 0-20 1.410 0.047 0.173 0.467

Light castanozems (Yanggao) 20-38 1.420 0.052 0.186 0.466

38-120 1.420 0.067 0.203 0.465

120-150 1.420 0.062 0.217 0.465
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Table 5 Nutrient content and pH of different soil types

Type order and subtype of Soil organic matter  Soil organic carbon Nitrate nitrogen Ammonium nitrogen  pH
Chinese soil classification (gkg™) (%) (mg kg™ (mg kg™
1 Light castanozems 9.8 0.568 27.5 5.6 8.3
2 Light castano 4.5 0.261 13.5 4.7 8.3
3 Light castanozems 5.6 0.325 21.5 43 8.2
4 Castano cinnamon 9.4 0.545 30.0 12.0 8.7
5 Castano cinnamon 6.6 0.383 21.5 6.3 8.2
6 Light castanozems 8.4 0.487 28.5 9.7 8.4
*6 WRERAM 20 M EIRSIERR
Table 6 20 selected global climate models (GCM) of this study
GeM Institute ID Country GeM Institute ID Country
ACCESS1-0 ACCESS Australia | HadGEM2-ES NIMR/KMA R. O. Korea
bee-csml-1 BCC China Inmcem4 INM Russia
BNU-ESM GCESS China IPSL-CMSA-LR IPSL France
CanESM2 CCCMA Canada IPSL-CM5A-MR IPSL France
CCSM4 NCAR USA MIROCS MIROC Japan
CESM1-BGC NSF-DOENCAR USA MIROC-ESM MIROC Japan
CSIRO-Mk3-6-0 CSIRO-QCCCE Australia | MPI-ESM-LR MPI-M Germany
GFDL-ESM2G NOAA GFDL USA MPI-ESM-MR MPI-M Germany
GFDL-ESM2M NOAA GFDL USA MRI-CGCM3 MRI Japan
HadGEM2-CC NIMR/KMA R. O. Korea NorESM1-M NCC Norway
14 SYI), SYI )
SYI=(M—0)/M 6)
Mp.o ( - M,
> ) Muo ( - 1.6
, ) Microsoft Excel 2019
Meon ( - - ’ , SPSS 26 ,
), Menp-pas (END - BAS Origin 2021
) Mgnp.mip (END - MID
) Mypas(MID  BAS 2 HRSAH
) ; 2.1 APSIM
; , ; C D,
RMSE 221.52
1.5 986.80 kg hm %, NRMSE 2.96% 5.58%,d
261 (Coefficient of 0.9976  0.9658;
Variation, CV) ; RMSE 841.49  259.46 kg
hm ™, NRMSE 20.50%  11.49%, d
CV=0o/M 4 09517  0.9947;
0 M RMSE  427.64 kg hm?, NRMSE ~ 3.32%, d
(Sustainable Yield Index, 0.9854
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Table 7 Indices of validation between measured and simulated yields, aboveground biomass of the three crops

Validation index

Crop Measured item RMSE (kg hm™?) NRMSE (%) d
Maize Grain yield 221.52 2.96 0.9976
Biomass 986.80 5.58 0.9658
Potato Tuber yield 841.49 20.50 0.9517
Biomass 259.46 11.49 0.9947
Oats Biomass 427.64 3.32 0.9854

2.2 2.3
18 (5 9 ) 18 3 (9
8 , MID BAS, : ;
34.69 mm, 2.88°C
, 11.27%, s ;

9.11%, , 17.62%, 3 12,121~15,840 kg
, 14.17% END MID, hm? 14,006~17,786 kg hm >  15,880~19,771 kg hm >
6.32 mm, 2.13C 2.4

, 3.76%, , 0.33%, 0-0 P-O M-0O MID
s 11.32%, , 9.23% 2.22%  7.24%, END 5.66% 9.12%( 1)

% 8 BAS. MID 5 END a4 & H F K (mm)FIF R E (C)
Table 8 Mean precipitation (mm) and mean temperature ('C) during the growth period of BAS, MID, and END

Mean precipitation (mm) Mean temperature ('C)

Site BAS MID END BAS MID END
Daixian 351.73 383.78 391.31 19.91 22.75 24.85
Datong 305.99 339.87 344.52 19.22 22.09 24.22
Fanshi 334.77 367.96 377.17 19.71 22.57 24.69
Guangling 323.36 357.00 369.67 18.84 21.73 23.83
Hequ 316.88 348.50 351.75 20.37 23.25 25.40
Huairen 298.99 332.14 337.14 19.88 22.75 24.87
Hunyuan 337.44 372.35 382.15 18.42 21.33 23.46
Lingqiu 359.90 397.85 410.97 19.27 22.15 24.26
Pianguan 335.59 372.37 373.75 20.06 22.95 25.08
Pinglu 338.55 375.50 377.67 17.32 20.18 22.32
Shanyin 297.87 330.64 332.96 19.39 22.25 24.39
Shenchi 378.77 418.52 425.89 16.28 19.15 21.28
Shuozhou 336.90 371.21 374.61 18.76 21.65 23.80
Tianzhen 323.85 358.48 371.96 18.69 21.60 23.70
Yanggao 320.46 355.04 366.23 18.72 21.63 23.74
Yingxian 299.33 333.06 336.48 19.65 22.50 24.63
Youyu 337.96 375.74 376.99 16.19 19.05 21.21
Zuoyun 336.16 373.83 376.42 17.52 20.40 22.55

BAS MID END 1980-2009 , 2040-2069 2070-2099

BAS, MID and END represent 1980-2009, 2040-2069, and 2070-2099, respectively.
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Table 9 Distribution map of forage oats yield for the selected sites of northern Shanxi province

site

M-O:
M-O: Forage oats yield (kg hm™?)

P-O:

P-O: Forage oats yield (kg hm™)

0-0:
0-0: Forage oats yield (kg hm™)

BAS MID END BAS MID END BAS MID END
Daixian 14,107 15,269 15,331 14741 16,229 16,516 15,620 16,582 16,680
Datong 12,927 14,249 14,419 13,946 15,633 16,185 15,749 17,003 17,245
Fanshi 14,303 15,769 12,180 15,798 17,421 17,964 17,005 18,034 18,498
Guangling 13,411 14,837 14,876 14,988 16,997 17,567 16,790 18,117 18,504
Hequ 12,485 13,353 13,486 13,348 14,630 15,124 14,144 14,964 15,545
Huairen 11,703 13,357 13,573 12,570 14,598 15,520 14,507 16,065 16,762
Hunyuan 14,574 15,986 15,855 15,754 17,720 17,692 17,732 18,774 18,702
Linggiou 15,070 16,387 16,551 16,999 18,505 18,770 17,828 19,059 19,254
Pianguan 13,518 15,175 16,563 14,958 16,969 17,048 16,153 17,557 17,649
Pinglu 16,020 18,128 17,563 17,976 20,401 20,312 18,652 20,817 20,683
Shanyin 14,031 15,458 15,577 15,150 16,925 17,114 16,626 17,538 17,615
Shenchi 16,733 19,482 18,842 17,243 20,225 19,632 17,677 20,273 19,728
Shuozhou 14,649 15,709 15,294 15,351 17,435 17,292 16,758 18,169 17,960
Tianzhen 13,689 14,912 15,175 14,587 16,565 17,282 16,143 17,537 17,961
Yanggao 14,851 17,118 18,287 14,975 16,201 16,759 15,840 16,746 17,053
Yingxian 12,174 13,490 13,482 12,788 14,586 14,687 14,216 15,304 15,213
Youyu 14,909 18,045 16,935 15,680 19,318 18,691 15,750 18,785 18,060
Zuoyun 17,004 18,527 18,166 17,773 19,709 19,326 18,036 19,921 19,456

0-0: ; M-O: ; P-O: ; BAS MID END 1980-2009 , 2040-2069 ,
2070-2099

0-0O: continuous cropping of forage oats; M-O: maize-forage oats rotation; P-O: potato-forage oats rotation; BAS, MID, and END represent
1980-2009, 2040-2069, and 2070-2099, respectively.

3000

2000~

1000 +

BAS: Oats yield (kg hm™)

M, M, I My,

3000

2000+

1000 +

MID: Oats yield (kg hm™)

~1000 +—

(B 1)
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Fig. 1 Yield gap of forage oats under different crop rotation system in selected sites
9 Abbreviations are the same as those given in Table 9.
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Fig. 2 Yield gap of forage oats under different climatic conditions in selected sites
9 Abbreviations are the same as those given in Table 9.
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6.95%~17.10%  8.19%~23.20% 0-0 . 22.76% (P <0.05)
5.49%~19.27%, 2.6 (CV)
(P<0.05) END BAS, 0-O M-O (SYT)
P-0O 4.41%~23.14%  8.74%~ cv
23.47%  5.47%~15.55%, (0.14~0.16)<
(P <0.05) (0.18~0.20)<
END  MID, ( ) ( (0.21~0.25) ( 10)
) ( ) ,CV P-0 (0.17)<M-0 (0.19)<
:0-0 M-O P-O 027%~  0-0 (0.22), END (0.18)<MID
9.15% 0.41%~6.37%  0.43%~4.34% (0.19)<BAS (0.20) BAS
MID , MID( 0.24 0.14 0.14) END
,0-0 M-O P-O : MID cv o,
410% 224% 1.84% , 022 0.17( 10)

£10

BIRARREFEMSBREUTRAARE=ENTRRZL(CVAFEEERESYD

Table 10 Coefficient of Variation (CV) and Sustainable Yield Index (SYI) of forage oats yield under different crop rotation system

and climate change in selected sites

M-O: P-O: 0-0:

County Period M-O: Forage oats yield P-O: Forage oats yield 0-0: Forage oats yield
Ccv SYI (0\% SYI (6% SYI

Daixian BAS 0.16 0.62 0.15 0.67 0.19 0.57
MID 0.15 0.68 0.15 0.68 0.17 0.66

END 0.14 0.70 0.14 0.69 0.17 0.61

Datong BAS 0.24 0.52 0.18 0.63 0.25 0.48
MID 0.21 0.61 0.17 0.68 0.22 0.59

END 0.19 0.61 0.16 0.64 0.22 0.51

Fanshi BAS 0.20 0.59 0.17 0.65 0.21 0.60
MID 0.19 0.64 0.17 0.67 0.19 0.59

END 0.17 0.65 0.16 0.68 0.21 0.54

Guangling BAS 0.23 0.55 0.21 0.62 0.23 0.56
MID 0.22 0.59 0.20 0.65 0.24 0.55

END 0.20 0.64 0.18 0.67 0.23 0.56

Hequ BAS 0.23 0.55 0.25 0.55 0.24 0.51
MID 0.21 0.57 0.26 0.50 0.26 0.48

END 0.24 0.53 0.26 0.54 0.28 0.47

Huairen BAS 0.25 0.46 0.21 0.53 0.26 0.42
MID 0.22 0.50 0.19 0.55 0.23 0.49

END 0.19 0.56 0.18 0.61 0.22 0.48

Hunyuan BAS 0.19 0.60 0.14 0.66 0.20 0.55
MID 0.15 0.68 0.15 0.70 0.17 0.63

END 0.16 0.67 0.14 0.69 0.17 0.63

Linggiu BAS 0.19 0.63 0.14 0.67 0.21 0.57
MID 0.17 0.60 0.13 0.65 0.21 0.59

END 0.16 0.65 0.12 0.70 0.25 0.53

Pianguan BAS 0.24 0.51 0.21 0.57 0.24 0.48
MID 0.22 0.53 0.20 0.57 0.24 0.48

END 0.22 0.52 0.20 0.56 0.25 0.53
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M-O: P-O: 0-0:
County Period M-O: Forage oats yield P-O: Forage oats yield 0-0: Forage oats yield
(6% SYI (0\% SYI (6% SYI
Pinglu BAS 0.15 0.68 0.11 0.73 0.19 0.62
MID 0.14 0.71 0.12 0.73 0.20 0.63
END 0.13 0.71 0.12 0.74 0.21 0.55
Shanyin BAS 0.20 0.59 0.14 0.69 0.20 0.55
MID 0.16 0.65 0.13 0.70 0.19 0.59
END 0.14 0.71 0.12 0.69 0.18 0.60
Shenchi BAS 0.13 0.72 0.12 0.74 0.16 0.62
MID 0.14 0.68 0.14 0.69 0.14 0.68
END 0.15 0.69 0.15 0.69 0.17 0.63
Shuozhou BAS 0.20 0.61 0.16 0.69 0.22 0.56
MID 0.18 0.62 0.16 0.66 0.21 0.59
END 0.18 0.65 0.14 0.70 0.22 0.55
Tianzhen BAS 0.27 0.48 0.24 0.54 0.28 0.46
MID 0.23 0.58 0.23 0.58 0.26 0.53
END 0.21 0.54 0.21 0.56 0.27 0.49
Yanggao BAS 0.25 0.52 0.22 0.58 0.22 0.54
MID 0.24 0.58 0.20 0.62 0.21 0.55
END 0.20 0.62 0.18 0.65 0.22 0.54
Yingxian BAS 0.22 0.54 0.17 0.65 0.23 0.51
MID 0.18 0.64 0.16 0.67 0.21 0.57
END 0.17 0.64 0.15 0.62 0.18 0.58
Youyu BAS 0.23 0.52 0.20 0.59 0.26 0.55
MID 0.18 0.63 0.20 0.61 0.24 0.57
END 0.17 0.63 0.21 0.59 0.24 0.58
Zuoyun BAS 0.12 0.74 0.12 0.70 0.19 0.61
MID 0.12 0.73 0.12 0.74 0.19 0.64
END 0.12 0.67 0.12 0.67 0.20 0.61
9 Abbreviations are the same as those given in Table 9.
SYI
(0.51~0.59)< NRMSE  3.74%~15.84%,
(0.60~0.64)< 2022 APSIM
(0.65~0.68) ( 10) , SYI 3
0-0 (0.56)<M-0 (0.61)<P-O (0.64); 2022
M-O  SYI , 0.55 071 MID NRMSE 6%,
END SYI 0.62 0.61, NRMSE 21%
BAS (0.59)
END SYI . 0.54~0.67; :
BAS . 0.54~0.69( 10) 261 . 2020
3 i . 2021 9
g (133.0 mm), 2022 ,
3.1 APSIM (305.8 mm),
, APSIM 2020 2021 ; 3
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APSIM 2.22%  7.24%, 5.66%  9.12%,
, B4 ,
, 0-0
[5,27-29] [36]
3.2 3.4
, 20 18
( 7) [5,37]
, MID BAS
[31]
[30]
, , CV  BAS MID
[31]
D s C02 5
13 ,7[38]
[39]
[32]
, BAS , MID
( )’ [33]’
( ) s C02 (13 bhl R
( ) b
: [33] END MID ,
2 2 b 4
, 4
MID ,  END
3.3 ( 20C) ,
) O_O B (<8 mm)’
, [40] , END MID
, , END
’ - - s 35°C
(13], , APSIM
[34] ,P-O M-O 0-0 (41
9.53 mm  5.47 mm; s R APSIM
MID
16.97 mm  48.30 mm, END Ccv , 0.22 0.17,
P-O , MID, END ,
0-0 P-O M-O
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10
3.5
[42-43] ,
, APSIM
CMIP6 ,
[44]
4 25t
, APSIM
NRMSE 21%, d
0.90, 5
(16,020~20,817 kg hm ), MID
BAS 5.49%~23.20%,
(P <0.05); END , 10
MID 0.27%~9.15%,
P-O
( 17,390 kg hm™), ,
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