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Simulating Agricultural Fragility in Past Societies: Climate Change, Wheat, and Grapes in Ancient Rome

Table S1. Correlation, RMSE, and bias between daily GCM-simulated temperature and NOAA GHCN daily station observations (1974–2014), including distance between station and corresponding model grid cell.
	Weather station NOAA/
GHCN
	Corre-
sponding location
	Km from weather station to location
	Correlation temperature
	RSME temperature
	Bias temperature

	Verona Villafranca
	1
	54
	0.74
	6.4
	1.8

	Monte Cimone
	2
	96
	0.58
	14.6
	12.9

	Grosseto
	3
	81
	0.73
	5.2
	2.0

	Marina di Ginosa
	4
	58
	0.70
	5.9
	0.5

	Enna
	5
	10
	0.69
	7.7
	5.4



Table S3. Wheat yield ratios reported by Roman agricultural writers and their stated locations.
	Agricultural writer
	Harvest-to-seed ratio
	Location of cultivation

	Columella
	4:1
	Location 3

	Cicero
	8:1 (up to 10:1)
	Leontini, Sicily

	Pliny the Elder
	100:1 (a rhetorical case)
	Sybaris (Gulf of Taranto)

	Varro
	10:1 – 15:1
	Etruria



Table S4. Irrigation z-values, where for location 1 all precipitation is set to RCO levels. Included also which temperature values correspond to which climatic period. 
	Z-value intervals
	Average yield location 1 winter wheat
	Climatic period 

	-3 to -2.5
	2.38
	

	-2.5 to -2
	1.54
	

	-2 to -1.5
	2.09
	

	-1.5 to -1
	2.41
	

	-1 to -0.5
	2.49
	LALIA

	-0.5 to 0
	2.51
	160-180 CE & 245-275 CE

	0 to 0.5
	2.73
	RCO

	0.5 to 1
	2.43
	

	1 to 1.5
	2.17
	

	1.5 to 2
	2.20
	

	2 to 2.5
	
	

	2.5 to 3
	
	



Table S5.  Average winter wheat (t/ha) for different climatic periods, calibrated using Cicero’s yield estimates. Values in parentheses indicate the 95% confidence interval for yields at each location during the corresponding climatic period.
	
	RCO average yield (200 BCE-100 CE)
	160 - 180 CE average yield
	245 - 275 CE average yield
	LALIA yield (530-600 CE)

	Winter wheat location 1 
	4.10 [3.14-5.06]
	3.79 [2.14-5.43]
	1.95 [1.57-2.32]
	2.79 [1.90-3.67]

	Winter wheat location 2 
	4.03 [2.56-5.49]
	3.35 [1.91-4.79]
	2.03 [1.39-2.66]
	1.74 [1.21-2.66]

	Winter wheat location 3
	1.53 [1.07-1.98]
	1.24 [0-2.51]
	1.67 [1.16-2.18]
	1.28 [0.60-1.97]

	Durum location 4
	1.66 [0.78-2.55]
	2.31 [1.41-3.22]
	0.77 [0.34-1.20]
	0.61 [0.28-0.93]

	Durum location 5
	0.61 [0-1.25]
	0.16 [NA}
	0.00 [0-0]
	0.12 [0.02-0.30]



Table S6. Average simulated wheat yields (t/ha) using Cicero’s yields as calibration for Location 1 by standardized climate anomaly classes (z-values) for temperature and precipitation. For each interval, the reported temperature (°C) and precipitation (mm) correspond to the lower boundary of that z-value range. Yield values therefore reflect average model output under progressively colder/warmer or drier/wetter conditions relative to the baseline climate.
	Interval 
	Location 1 temperature yields in t/ha
	Temperature values in °C
	Location 1 precipitation yields in t/ha
	Precipitation values in mm

	-3 to -2.5
	1.48
	6.5
	
	

	-2.5 to -2
	2.28
	8.2
	
	

	-2 to -1.5
	2.36
	10
	1.17
	2.7

	-1.5 to -1
	2.33
	11.8
	2.06
	18.7

	-1 to -0.5
	2.69
	13.6
	2.19
	34.7

	-0.5 to 0
	2.78
	15.3
	2.49
	50.7

	0 to 0.5
	3.15
	17.1
	2.63
	66.8

	0.5 to 1
	2.53
	18.9
	3.19
	82.8

	1 to 1.5
	2.31
	20.7
	3.81
	98.8

	1.5 to 2
	3.17
	22.5
	3.13
	114.8

	2 to 2.5
	
	24.2
	4.02
	130.8

	2.5 to 3
	
	26
	4.92
	146.8



Table S7. Average simulated wheat yields (t/ha) using Cicero’s yields as calibration for Location 2 by standardized climate anomaly classes (z-values) for temperature and precipitation. For each interval, the reported temperature (°C) and precipitation (mm) correspond to the lower boundary of that z-value range. Yield values therefore reflect average model output under progressively colder/warmer or drier/wetter conditions relative to the baseline climate.
	Interval 
	Location 2 temperature yields in t/ha
	Matching temperature values in °C
	Location 2 precipitation yields in t/ha
	Precipitation values in mm

	-3 to -2.5
	
	6.5
	
	

	-2.5 to -2
	3.25
	8.2
	
	

	-2 to -1.5
	2.66
	10
	1.55
	0

	-1.5 to -1
	1.98
	11.8
	1.56
	11.8

	-1 to -0.5
	2.25
	13.6
	2.10
	27

	-0.5 to 0
	2.82
	15.3
	2.13
	42.3

	0 to 0.5
	2.80
	17.1
	2.95
	57.5

	0.5 to 1
	2.47
	18.9
	2.82
	72.8

	1 to 1.5
	1.92
	20.7
	3.47
	88

	1.5 to 2
	2.17
	22.5
	3.06
	103.2

	2 to 2.5
	
	24.2
	3.38
	118.5

	2.5 to 3
	
	26
	3.09
	133.7


 
Table S8. Average simulated wheat yields (t/ha) using Cicero’s yields as calibration for Location 3 by standardized climate anomaly classes (z-values) for temperature and precipitation. For each interval, the reported temperature (°C) and precipitation (mm) correspond to the lower boundary of that z-value range. Yield values therefore reflect average model output under progressively colder/warmer or drier/wetter conditions relative to the baseline climate.
	Interval 
	Location 3 temperature yields in t/ha
	Matching temperature values in °C
	Location 3 precipitation yields in t/ha
	Precipitation values in mm

	-3 to -2.5
	
	6.5
	
	

	-2.5 to -2
	
	8.2
	
	

	-2 to -1.5
	0.24
	10
	
	

	-1.5 to -1
	0.46
	11.8
	1.22
	0

	-1 to -0.5
	0.78
	13.6
	1.48
	7.2

	-0.5 to 0
	1.21
	15.3
	1.55
	18.3

	0 to 0.5
	1.65
	17.1
	1.29
	29.3

	0.5 to 1
	1.94
	18.9
	1.27
	40.3

	1 to 1.5
	2.32
	20.7
	1.14
	51.4

	1.5 to 2
	2.50
	22.5
	1.59
	62.4

	2 to 2.5
	
	24.2
	1.40
	73.5

	2.5 to 3
	
	26
	2.30
	84.5



Table S9. Average simulated wheat yields (t/ha) using Cicero’s yields as calibration for Location 4 by standardized climate anomaly classes (z-values) for temperature and precipitation. For each interval, the reported temperature (°C) and precipitation (mm) correspond to the lower boundary of that z-value range. Yield values therefore reflect average model output under progressively colder/warmer or drier/wetter conditions relative to the baseline climate.
	Interval 
	Location 4 temperature yields in t/ha
	Matching temperature values in °C
	Location 4 precipitation yields in t/ha
	Precipitation values in mm

	-3 to -2.5
	
	7.2
	
	

	-2.5 to -2
	1.56
	9.1
	
	

	-2 to -1.5
	0.80
	11
	0.01
	0

	-1.5 to -1
	0.93
	12.9
	0.25
	5.3

	-1 to -0.5
	0.86
	14.8
	0.73
	15.3

	-0.5 to 0
	1.50
	16.7
	0.74
	25.3

	0 to 0.5
	1.25
	18.5
	1.16
	35.3

	0.5 to 1
	0.99
	20.4
	1.65
	45.3

	1 to 1.5
	0.87
	22.3
	1.83
	55.3

	1.5 to 2
	0.53
	24.2
	2.36
	65.3

	2 to 2.5
	
	26.1
	2.43
	75.4

	2.5 to 3
	
	28
	1.87
	85.4



Table S10. Average simulated wheat yields (t/ha) using Cicero’s yields as calibration for Location 5 by standardized climate anomaly classes (z-values) for temperature and precipitation. For each interval, the reported temperature (°C) and precipitation (mm) correspond to the lower boundary of that z-value range. Yield values therefore reflect average model output under progressively colder/warmer or drier/wetter conditions relative to the baseline climate.
	Interval 
	Location 5 temperature yields in t/ha
	Matching temperature values in °C
	Location 5 precipitation yields in t/ha
	Precipitation values in mm

	-3 to -2.5
	
	8.8
	
	

	-2.5 to -2
	0.36
	10.5
	
	

	-2 to -1.5
	0.55
	12. 2
	
	

	-1.5 to -1
	0.34
	14
	
	

	-1 to -0.5
	0.20
	15.7
	0.13
	0

	-0.5 to 0
	0.43
	17.4
	0.18
	4.9

	0 to 0.5
	0.26
	19.1
	0.47
	10.8

	0.5 to 1
	0.29
	20.9
	0.41
	16.7

	1 to 1.5
	0.16
	22.6
	0.35
	22.6

	1.5 to 2
	0.05
	24.3
	1.33
	28.4

	2 to 2.5
	
	26.1
	
	34.3

	2.5 to 3
	
	27.8
	
	40.2



Table S11 Winter wheat yields at locations 1, 2, and 3, in t/ha, based on weather data from the year 1855, for different sowing dates between 23 September and 22 November. Spring temperature and precipitation between brackets. 
	Sowing day
	Location 1 (17.4 °C, 77 mm)
	Location 2 (16 °C, 126 mm)
	Location 3 (16.3 °C, 102 mm) 

	23 Sept
	1.1 
	1.0 
	0.5 

	3 Oct
	1.1 
	1.2 
	0.7 

	13 Oct
	0.8 
	1.4 
	0.9 

	23 Oct 
	1.4 
	1.4 
	1.2 

	2 Nov
	1.6 
	2.1
	1.6 

	12 Nov
	1.6 
	2.9 
	1.5 

	22 Nov
	1.5 
	3.1 
	1.3 



