
Figure 8: SM Fig3. Differences between clusters per second tier variable. After an analysis of variance was
performed for each variable with respect to each cluster, a Tukey test of difference is shows which clusters are
significantly different or not from each other by each second tier variable analysed.
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Figure 9: SM Fig 4. Time robustness. The interaction dataset is ordered with non-metric multidimensional
scaling for multiple points in time and vectors are fitted for all other variables that significanlty (p < 0.001)
explain the variation of the ordination. Each column is a different year with complete data, while each row
corresponds to the dataset used for the vector fitting (resource, social, ecological). The colors of points and
contours correspond to the archetypes found in Fig 2.

Similarly to the results presented with non-metric multidimensional scaling (Fig 1), PCA separate two big
groups of clusters across the first component with a lot of overlap across the second component. The vectors
confirm that clusters 1-3 are dominated by agroecosystems whose production focuses on millet, cowpeas, rice
and sorghum. Clusters 1-2 have the higher aridity and mean temperatures, but also the higher concentration
of water reservoirs and cattle per square kilometer. Cluster 3 has the fasters growing population and also the
highest variability in crop production as well as the highest concentration of farmers. Clusters 4-5 in the
south tend to be more urbanised, have higher rates of literacy, higher migration (both internal and regional),
as well as agroecosystems dominated by the production of yam and maize. Cluster 6 has particularly high
population density and market access.

SM Table 1 shows the loadings of each component. On the first component, variables with high positive
values such as aridity, mean temperature, and produced kilocalores of cowpeas, millet or sorghum separate
apart clusters 1-3; while variables with negative values such as wet season, literacy, regional migration and
urbanization are responsible for the differentiation of the clusters 4-6. On the vertical axis (the second
component) variables responsible for explaining variation includes population density, ratio of women, market
access and production in kilocalories of yam and maize.
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Figure 10: Graphical illustration of differences in variables between archetypes based on PCA.

Dim.1 Dim.2
Aridity 0.2412194 0.1400832
Mean_temp 0.2549353 0.0804748
Soil_water 0.0525048 0.1331646
Wet_season -0.2506085 -0.1376135
Slope75 -0.1788213 -0.0522257
Farmers 0.1867762 -0.2324011
Urbanization -0.2020072 0.0863574
Literacy -0.2522825 0.1057535
Pop_dens_log -0.1273421 0.3874631
Ratio_children 0.2313519 -0.1423560
Ratio_women 0.0587521 0.3954027
External_migration -0.1384448 -0.0879216
Regional_migration -0.2362004 0.0240259
Pop_trend 0.0158330 -0.1519353
Market_access -0.1280829 0.3535895
Cattle_sqkm 0.1286268 0.2059101
Small_ruminant_capita 0.2276107 0.0544934
Dams 0.1233082 0.1976535
sd_kcals 0.1491755 -0.1915367
m_cowpea 0.2666442 -0.0138185
m_maize -0.0876778 -0.3398143
m_millet 0.2682709 -0.0110955
m_rice 0.1718721 -0.0416137
m_sorghum 0.2641076 -0.0416645
m_soy 0.1941303 -0.1582181
m_yam -0.1546031 -0.3213975
clus -0.2401915 -0.0999552

15

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 13, 2018. ; https://doi.org/10.1101/299693doi: bioRxiv preprint 

https://doi.org/10.1101/299693
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ta
bl
e
3:

R
eg
re
ss
io
n
on

m
ea
n
ki
lo
ca
lo
rie

pr
od

uc
tio

n
pe

r
cr
op

D
ep

en
de

nt
va

ri
ab

le
:

cr
op

co
w
pe

a
m
ai
ze

m
ill
et

ric
e

so
rg
hu

m
so
y

ya
m

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

C
ro
pp

ed
ar
ea

−
52

0,
97

1.
50

98
,7
95

.5
8

36
7,
63

9.
60

1,
26

5,
58

5.
00

∗∗
∗

1,
34

2,
80

4.
00

∗∗
3,
88

1,
95

6.
00

∗∗
∗

5,
84

6,
92

6.
00

∗∗
∗

(4
94

,1
93

.7
0)

(1
,3
62

,5
69

.0
0)

(7
55

,4
77

.3
0)

(2
83

,0
20

.6
0)

(6
38

,4
44

.7
0)

(2
66

,0
30

.2
0)

(1
,9
65

,3
48

.0
0)

A
rid

ity
79

,8
46

.1
2∗∗

−
78

,8
67

.6
7

14
0,
91

9.
40

∗∗
−
36

,5
16

.9
2∗

97
,7
28

.3
2

−
3,
01

6.
70

10
3,
41

7.
90

(3
0,
57

4.
85

)
(1
33

,1
09

.2
0)

(6
4,
41

2.
25

)
(1
9,
00

0.
21

)
(8
2,
59

5.
63

)
(4
,9
68

.3
0)

(1
32

,8
89

.2
0)

M
ea
n
te
m
pe

ra
tu
re

5,
44

5.
66

−
20

,8
98

.6
3

4,
65

9.
50

29
6.
75

−
4,
24

6.
25

31
0.
52

−
6,
51

7.
50

(3
,6
61

.0
8)

(1
5,
05

7.
09

)
(7
,4
49

.9
1)

(2
,2
00

.1
2)

(9
,5
73

.8
6)

(5
74

.3
3)

(1
4,
87

0.
73

)

W
et

se
as
on

1,
97

5.
71

−
13

,4
48

.9
9

−
10

,6
75

.0
7

−
2,
47

7.
07

−
23

,0
04

.4
1∗∗

40
2.
20

32
,5
99

.9
5∗∗

(3
,5
40

.9
5)

(1
4,
74

2.
74

)
(7
,4
13

.4
5)

(2
,1
75

.3
4)

(9
,4
95

.2
5)

(5
71

.2
2)

(1
4,
77

4.
74

)

So
il
w
at
er

15
.9
1

19
9.
86

21
9.
75

71
.4
5

13
9.
48

−
7.
95

−
91

6.
91

∗∗

(8
5.
26

)
(3
56
.2
7)

(1
79

.0
1)

(5
2.
78

)
(2
31

.0
1)

(1
3.
94

)
(3
66

.4
6)

Sl
op

e
95
.2
4

−
19

9.
65

48
2.
83

99
.1
4

51
3.
30

−
27

.3
3

−
1,
81

2.
21

∗∗

(2
05

.5
3)

(8
68

.7
1)

(4
33

.6
7)

(1
27

.9
8)

(5
56

.1
3)

(3
3.
47

)
(8
75

.1
1)

Fa
rm

er
s

−
2,
10

9.
05

65
,2
43

.8
5

−
29

,6
27

.7
5

7.
35

32
,2
80

.1
0

52
5.
16

79
,4
08

.0
4

(1
3,
00

5.
85

)
(5
4,
48

3.
69

)
(2
7,
15

0.
70

)
(8
,2
06

.4
4)

(3
4,
92

0.
19

)
(2
,0
99

.4
6)

(5
4,
80

0.
96

)

Li
te
ra
cy

−
18

9.
49

20
,2
15

.5
0

−
11

,4
92

.4
9

−
2,
01

4.
67

−
27

,6
54

.5
5

−
3,
46

7.
71

4,
92

8.
05

(1
4,
35

3.
86

)
(6
0,
56

3.
37

)
(2
9,
66

2.
93

)
(8
,7
34

.1
9)

(3
8,
16

1.
89

)
(2
,2
87

.5
3)

(5
9,
76

7.
49

)

M
ar
ke
t
ac
ce
ss

−
4,
94

4.
52

−
37

,3
11

.2
2

−
4,
57

9.
75

−
20

,7
26

.2
8∗∗

∗
36

,7
33

.5
1

−
54

3.
16

−
64

,7
20

.6
0∗

(8
,8
49

.6
0)

(3
6,
35

1.
75

)
(1
8,
28

1.
52

)
(5
,3
87

.0
4)

(2
4,
29

9.
37

)
(1
,4
45

.7
1)

(3
6,
53

4.
01

)

D
am

s
de

ns
ity

20
7.
72

−
77

1.
45

−
33

5.
76

23
0.
27

∗∗
∗

−
17

5.
69

−
15

.5
8

−
68

.1
4

(1
32

.0
5)

(5
60

.2
3)

(2
80

.5
0)

(8
2.
76

)
(3
58

.1
2)

(2
1.
84

)
(5
58

.8
2)

C
on

st
an

t
−
18

2,
53

7.
10

70
6,
53

1.
80

−
81

,6
59

.4
3

26
,8
59

.3
5

23
9,
27

4.
00

−
6,
52

2.
76

21
,3
38

.6
6

(1
25

,4
52

.4
0)

(5
19

,8
79

.2
0)

(2
55

,7
13

.6
0)

(7
5,
37

9.
87

)
(3
28

,5
73

.0
0)

(1
9,
76

3.
37

)
(5
12
,2
72

.8
0)

O
bs
er
va
tio

ns
99

99
99

99
99

99
99

R
2

0.
50

0.
12

0.
59

0.
41

0.
61

0.
77

0.
45

A
dj
us
te
d
R

2
0.
45

0.
02

0.
54

0.
34

0.
56

0.
74

0.
39

R
es
id
ua

lS
td
.
E
rr
or

(d
f=

88
)

16
,6
84

.3
5

70
,1
04

.8
6

35
,1
47

.4
8

10
,3
51

.4
4

45
,1
43

.5
1

2,
71

0.
99

70
,3
75

.1
7

F
St
at
is
tic

(d
f=

10
;8

8)
8.
91

∗∗
∗

1.
22

12
.6
2∗∗

∗
6.
06

∗∗
∗

13
.5
2∗∗

∗
28

.9
4∗∗

∗
7.
30

∗∗
∗

N
ot

e:
∗
p<

0.
1;

∗∗
p<

0.
05

;∗∗
∗
p<

0.
01

U
ni
ts

of
ar
e
ki
lo
ca
lo
rie

pe
r
ca
pi
ta

fo
r
ea
ch

ad
m
in
is
tr
at
iv
e
un

it

16

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 13, 2018. ; https://doi.org/10.1101/299693doi: bioRxiv preprint 

https://doi.org/10.1101/299693
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ta
bl
e
4:

R
eg
re
ss
io
n
on

ki
lo
ca
lo
rie

va
ria

nc
e
pe

r
cr
op

D
ep

en
de

nt
va

ri
ab

le
:

cr
op

co
w
pe

a
m
ai
ze

m
ill
et

ric
e

so
rg
hu

m
so
y

ya
m

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

C
ro
pp

ed
ar
ea

−
48

,3
61

.1
6

82
1,
93

1.
80

30
9,
42
4.
50

1,
37

5,
01

3.
00

∗∗
∗

1,
41

4,
47

7.
00

∗∗
∗

3,
21

4,
42

3.
00

∗∗
∗

1,
45

5,
16

7.
00

∗∗
∗

(2
39

,6
33

.9
0)

(5
14

,4
72

.7
0)

(2
65

,4
20

.7
0)

(1
89

,8
38

.1
0)

(1
77

,4
11

.7
0)

(2
07

,0
21

.2
0)

(4
14

,9
67

.8
0)

A
rid

ity
27

,2
80

.6
1∗

−
30

,6
00

.9
7

35
,8
11

.3
7

−
13

,5
73

.5
0

32
,3
30

.9
4

1,
13

0.
62

3,
75

5.
60

(1
4,
82

5.
71

)
(5
0,
25

8.
76

)
(2
2,
62

9.
86

)
(1
2,
74
4.
53

)
(2
2,
95
1.
76

)
(3
,8
66

.2
6)

(2
8,
05

8.
50

)

M
ea
n
te
m
pe

ra
tu
re

1,
43

5.
46

−
6,
27

6.
68

1,
80

3.
32

1,
55

0.
24

20
6.
23

30
1.
61

1,
68

9.
44

(1
,7
75

.2
5)

(5
,6
85

.1
9)

(2
,6
17

.3
6)

(1
,4
75

.7
5)

(2
,6
60

.3
9)

(4
46

.9
4)

(3
,1
39

.8
4)

W
et

se
as
on

−
20

3.
79

−
6,
50

7.
01

−
3,
57

3.
94

−
11

3.
18

−
3,
30

6.
13

35
4.
40

9,
01

5.
52

∗∗
∗

(1
,7
17

.0
0)

(5
,5
66

.5
0)

(2
,6
04

.5
6)

(1
,4
59

.1
2)

(2
,6
38

.5
5)

(4
44

.5
1)

(3
,1
19

.5
7)

So
il
w
at
er

−
10

.5
8

−
2.
98

43
.0
5

7.
70

41
.9
6

7.
72

−
11

4.
66

(4
1.
34

)
(1
34

.5
2)

(6
2.
89

)
(3
5.
40

)
(6
4.
19

)
(1
0.
85

)
(7
7.
37

)

Sl
op

e
47

.5
4

−
12

0.
49

16
4.
77

−
39

.6
7

10
0.
78

−
23

.3
7

−
38

2.
35

∗∗

(9
9.
66

)
(3
28

.0
0)

(1
52

.3
6)

(8
5.
84

)
(1
54

.5
4)

(2
6.
04

)
(1
84

.7
7)

Fa
rm

er
s

1,
69

9.
38

21
,4
88

.5
1

−
7,
44

7.
55

−
3,
60

5.
19

6,
37

2.
76

−
20

9.
33

17
,6
57

.4
7

(6
,3
06

.5
2)

(2
0,
57
1.
71

)
(9
,5
38

.8
1)

(5
,5
04

.5
3)

(9
,7
03

.6
6)

(1
,6
33

.7
8)

(1
1,
57

0.
79

)

Li
te
ra
cy

−
5,
67

3.
88

8,
25

5.
92

−
8,
44

6.
51

−
72

5.
63

−
4,
22

3.
14

−
41

8.
62

−
5,
56

7.
27

(6
,9
60

.1
7)

(2
2,
86
7.
24

)
(1
0,
42

1.
43

)
(5
,8
58

.5
2)

(1
0,
60

4.
47

)
(1
,7
80

.1
2)

(1
2,
61

9.
44

)

M
ar
ke
t
ac
ce
ss

−
20

.9
2

−
10

,5
15

.8
4

−
3,
19

1.
11

−
11

,6
94

.3
1∗∗

∗
1,
94

9.
40

−
1,
57

3.
20

−
15

,4
10

.3
4∗∗

(4
,2
91

.1
6)

(1
3,
72
5.
53

)
(6
,4
22

.8
2)

(3
,6
13

.3
9)

(6
,7
52

.3
4)

(1
,1
25

.0
3)

(7
,7
13

.8
7)

D
am

s
de

ns
ity

80
.6
2

−
32

4.
33

−
22

4.
21

∗∗
13

9.
11

∗∗
6.
38

−
5.
51

−
13

.2
0

(6
4.
03

)
(2
11

.5
3)

(9
8.
55

)
(5
5.
51

)
(9
9.
51

)
(1
7.
00

)
(1
17

.9
9)

C
on

st
an

t
−
41

,0
26

.0
1

23
6,
27

0.
00

−
24

,9
70

.7
8

−
28

,6
23

.4
4

6,
02

4.
16

−
10

,0
20

.1
1

−
87

,6
65

.5
1

(6
0,
83

1.
71

)
(1
96

,2
93

.6
0)

(8
9,
83

9.
46

)
(5
0,
56

1.
58

)
(9
1,
30

4.
21

)
(1
5,
37

9.
59

)
(1
08

,1
62

.4
0)

O
bs
er
va
tio

ns
99

99
99

99
99

99
99

R
2

0.
49

0.
13

0.
56

0.
52

0.
71

0.
79

0.
52

A
dj
us
te
d
R

2
0.
43

0.
03

0.
51

0.
47

0.
67

0.
76

0.
46

R
es
id
ua

lS
td
.
E
rr
or

(d
f=

88
)

8,
09

0.
22

26
,4
69

.8
8

12
,3
48

.3
1

6,
94

3.
30

12
,5
44

.5
3

2,
10

9.
66

14
,8
59

.1
7

F
St
at
is
tic

(d
f=

10
;8

8)
8.
33

∗∗
∗

1.
35

11
.2
2∗∗

∗
9.
70

∗∗
∗

21
.0
4∗∗

∗
32

.5
5∗∗

∗
9.
48

∗∗
∗

N
ot

e:
∗
p<

0.
1;

∗∗
p<

0.
05

;∗∗
∗
p<

0.
01

U
ni
ts

of
va
ria

nc
e
ar
e
m
ill
io
ns

of
ki
lo
ca
lo
rie

17

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 13, 2018. ; https://doi.org/10.1101/299693doi: bioRxiv preprint 

https://doi.org/10.1101/299693
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ta
bl
e
5:

R
eg
re
ss
io
n
on

m
ea
n
ki
lo
ca
lo
rie

pr
od

uc
tio

n
pe

r
cr
op

D
ep

en
de

nt
va

ri
ab

le
:

cr
op

co
w
pe

a
m
ai
ze

m
ill
et

ric
e

so
rg
hu

m
so
y

ya
m

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

C
ro
pp

ed
ar
ea

33
8.
88

∗∗
−
3.
35

10
6.
80

56
1.
04

∗∗
∗

16
1.
00

∗∗
1,
81

9.
15

∗∗
24

9.
12

(1
34

.7
8)

(2
3.
47

)
(1
01

.7
2)

(1
57

.4
0)

(6
7.
68

)
(7
16

.6
1)

(2
10

.9
4)

A
rid

ity
12

.8
9

−
2.
33

13
.4
4

−
27

.4
2∗∗

9.
39

−
16

.8
0

2.
48

(8
.2
6)

(2
.2
6)

(8
.5
6)

(1
0.
47

)
(8
.6
2)

(1
3.
35

)
(1
4.
13

)

M
ea
n
te
m
pe

ra
tu
re

2.
33

∗∗
−
0.
42

2.
86

∗∗
∗

1.
96

2.
18

∗∗
1.
78

−
0.
81

(0
.9
9)

(0
.2
6)

(0
.9
9)

(1
.2
1)

(1
.0
0)

(1
.5
4)

(1
.5
8)

W
et

se
as
on

−
0.
50

0.
06

−
0.
43

−
2.
23

∗
−
0.
73

−
0.
68

5.
48

∗∗
∗

(0
.9
6)

(0
.2
5)

(0
.9
9)

(1
.2
0)

(0
.9
9)

(1
.5
4)

(1
.5
7)

So
il
w
at
er

0.
04

0.
00

2
0.
03

0.
08

∗∗
∗

0.
01

0.
05

−
0.
02

(0
.0
2)

(0
.0
1)

(0
.0
2)

(0
.0
3)

(0
.0
2)

(0
.0
4)

(0
.0
4)

Sl
op

e
−
0.
04

−
0.
00

3
−
0.
03

0.
06

0.
03

−
0.
09

−
0.
00

1
(0
.0
6)

(0
.0
1)

(0
.0
6)

(0
.0
7)

(0
.0
6)

(0
.0
9)

(0
.0
9)

Fa
rm

er
s

1.
72

0.
63

2.
97

6.
87

5.
49

2.
28

6.
14

(3
.5
1)

(0
.9
3)

(3
.6
1)

(4
.5
2)

(3
.6
4)

(5
.6
4)

(5
.8
2)

Li
te
ra
cy

−
12

.6
8∗∗

∗
−
1.
09

−
10

.7
5∗∗

∗
−
6.
33

−
14

.5
5∗∗

∗
−
10

.8
8∗

−
4.
58

(3
.8
8)

(1
.0
3)

(3
.9
4)

(4
.8
1)

(3
.9
8)

(6
.1
5)

(6
.3
5)

M
ar
ke
t
ac
ce
ss

−
7.
71

∗∗
∗

−
0.
87

−
8.
88

∗∗
∗

−
5.
10

∗
−
8.
21

∗∗
∗

−
12

.8
1∗∗

∗
−
8.
25

∗∗

(2
.3
9)

(0
.6
2)

(2
.4
3)

(2
.9
7)

(2
.5
4)

(3
.8
9)

(3
.8
8)

D
am

s
de

ns
ity

0.
14

∗∗
∗

−
0.
00

3
0.
13

∗∗
∗

0.
06

0.
13

∗∗
∗

0.
06

0.
00

1
(0
.0
4)

(0
.0
1)

(0
.0
4)

(0
.0
5)

(0
.0
4)

(0
.0
6)

(0
.0
6)

C
on

st
an

t
−
49

.6
8

36
.5
9∗∗

∗
−
65

.5
8∗

−
18

.1
0

−
41

.9
1

−
23

.9
0

3.
34

(3
3.
87

)
(8
.8
3)

(3
3.
98

)
(4
1.
54

)
(3
4.
28

)
(5
3.
11

)
(5
4.
44

)

O
bs
er
va
tio

ns
99

99
99

99
99

99
99

R
2

0.
86

0.
25

0.
86

0.
53

0.
86

0.
55

0.
58

A
dj
us
te
d
R

2
0.
85

0.
17

0.
84

0.
48

0.
84

0.
50

0.
54

R
es
id
ua

lS
td
.
E
rr
or

(d
f=

88
)

4.
51

1.
19

4.
67

5.
70

4.
71

7.
29

7.
48

F
St
at
is
tic

(d
f=

10
;8

8)
55

.2
3∗∗

∗
2.
97

∗∗
∗

54
.1
0∗∗

∗
10

.0
3∗∗

∗
53

.5
5∗∗

∗
10

.9
6∗∗

∗
12

.3
5∗∗

∗

N
ot

e:
∗
p<

0.
1;

∗∗
p<

0.
05

;∗∗
∗
p<

0.
01

U
ni
ts

of
ar
e
ki
lo
ca
lo
rie

pe
r
ca
pi
ta

fo
r
ea
ch

ad
m
in
is
tr
at
iv
e
un

it
in

lo
ga

rt
hm

ic
sc
al
e

18

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 13, 2018. ; https://doi.org/10.1101/299693doi: bioRxiv preprint 

https://doi.org/10.1101/299693
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ta
bl
e
6:

R
eg
re
ss
io
n
on

ki
lo
ca
lo
rie

va
ria

nc
e
pe

r
cr
op

D
ep

en
de

nt
va

ri
ab

le
:

cr
op

co
w
pe

a
m
ai
ze

m
ill
et

ric
e

so
rg
hu

m
so
y

ya
m

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

C
ro
pp

ed
ar
ea

13
4.
38

∗∗
17

.8
2

60
.2
3

27
7.
08

∗∗
∗

98
.3
4∗∗

∗
1,
07

1.
56

∗∗
∗

14
5.
87

∗∗

(5
1.
14

)
(2
3.
67

)
(3
8.
45

)
(5
6.
19

)
(2
5.
74

)
(2
44

.5
2)

(7
2.
89

)

A
rid

ity
5.
92

∗
−
2.
66

5.
92

∗
−
9.
45

∗∗
4.
51

−
6.
52

1.
14

(3
.1
3)

(2
.2
8)

(3
.2
4)

(3
.7
4)

(3
.2
8)

(4
.5
6)

(4
.8
8)

M
ea
n
te
m
pe

ra
tu
re

0.
90

∗∗
−
0.
34

1.
10

∗∗
∗

0.
68

0.
90

∗∗
0.
69

0.
12

(0
.3
8)

(0
.2
6)

(0
.3
7)

(0
.4
3)

(0
.3
8)

(0
.5
3)

(0
.5
5)

W
et

se
as
on

−
0.
22

−
0.
06

−
0.
30

−
0.
75

∗
−
0.
31

−
0.
27

2.
53

∗∗
∗

(0
.3
6)

(0
.2
5)

(0
.3
7)

(0
.4
3)

(0
.3
8)

(0
.5
2)

(0
.5
4)

So
il
w
at
er

0.
01

−
0.
00

4
0.
01

0.
03

∗∗
∗

0.
00

4
0.
02

−
0.
01

(0
.0
1)

(0
.0
1)

(0
.0
1)

(0
.0
1)

(0
.0
1)

(0
.0
1)

(0
.0
1)

Sl
op

e
−
0.
01

−
0.
00

4
−
0.
01

0.
03

0.
01

−
0.
04

−
0.
03

(0
.0
2)

(0
.0
1)

(0
.0
2)

(0
.0
3)

(0
.0
2)

(0
.0
3)

(0
.0
3)

Fa
rm

er
s

0.
82

0.
71

1.
04

2.
27

2.
10

0.
50

2.
52

(1
.3
3)

(0
.9
3)

(1
.3
6)

(1
.6
1)

(1
.3
9)

(1
.9
3)

(2
.0
1)

Li
te
ra
cy

−
4.
74

∗∗
∗

−
1.
45

−
4.
06

∗∗
∗

−
2.
81

−
5.
39

∗∗
∗

−
1.
98

−
0.
32

(1
.4
7)

(1
.0
4)

(1
.4
9)

(1
.7
2)

(1
.5
1)

(2
.1
0)

(2
.1
9)

M
ar
ke
t
ac
ce
ss

−
2.
73

∗∗
∗

−
0.
53

−
3.
26

∗∗
∗

−
2.
83

∗∗
∗

−
2.
98

∗∗
∗

−
5.
29

∗∗
∗

−
4.
64

∗∗
∗

(0
.9
1)

(0
.6
2)

(0
.9
2)

(1
.0
6)

(0
.9
6)

(1
.3
3)

(1
.3
4)

D
am

s
de

ns
ity

0.
05

∗∗
∗

−
0.
00

2
0.
04

∗∗
∗

0.
03

∗∗
0.
05

∗∗
∗

0.
01

−
0.
01

(0
.0
1)

(0
.0
1)

(0
.0
1)

(0
.0
2)

(0
.0
1)

(0
.0
2)

(0
.0
2)

C
on

st
an

t
−
19

.6
6

20
.7
7∗∗

−
24

.5
8∗

−
5.
93

−
18

.0
2

−
10

.6
0

−
13

.8
2

(1
2.
85

)
(8
.9
0)

(1
2.
85

)
(1
4.
83

)
(1
3.
04

)
(1
8.
12

)
(1
8.
81

)

O
bs
er
va
tio

ns
99

99
99

99
99

99
99

R
2

0.
87

0.
18

0.
87

0.
60

0.
88

0.
58

0.
70

A
dj
us
te
d
R

2
0.
86

0.
08

0.
86

0.
56

0.
86

0.
53

0.
66

R
es
id
ua

lS
td
.
E
rr
or

(d
f=

88
)

1.
71

1.
20

1.
77

2.
04

1.
79

2.
49

2.
58

F
St
at
is
tic

(d
f=

10
;8

8)
59

.7
7∗∗

∗
1.
89

∗
60

.1
4∗∗

∗
13

.4
4∗∗

∗
62

.0
0∗∗

∗
12

.2
5∗∗

∗
20

.1
2∗∗

∗

N
ot

e:
∗
p<

0.
1;

∗∗
p<

0.
05

;∗∗
∗
p<

0.
01

U
ni
ts

of
va
ria

nc
e
ar
e
m
ill
io
ns

of
ki
lo
ca
lo
rie

in
lo
ga

rit
hm

ic
sc
al
e

19

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 13, 2018. ; https://doi.org/10.1101/299693doi: bioRxiv preprint 

https://doi.org/10.1101/299693
http://creativecommons.org/licenses/by-nc-nd/4.0/


References

1. Assembly U (2015) Transforming our world: the 2030 Agenda for Sustainable Development (New York:
United Nations).

2. Lubchenco J, Barner AK, Cerny-Chipman EB, Reimer JN (2015) Sustainability rooted in science. Nature
Geoscience 8(10):741–745.

3. Griggs D, et al. (2013) Policy: Sustainable development goals for people and planet. Nature 495(7441):305–
307.

4. Reyers B, Stafford Smith M, Erb K-H, Scholes RJ, Selomane O (2017) Essential Variables help to focus
Sustainable Development Goals monitoring. Curr Opin Envi Sust 26-27:97–105.

5. Ostrom E (2007) A diagnostic approach for going beyond panaceas. P Natl Acad Sci Usa 104(39):15181–
15187.

6. Ostrom E (2009) A general framework for analyzing sustainability of social-ecological systems. Science
325(5939):419–422.

7. Liu J, et al. (2007) Complexity of Coupled Human and Natural Systems. Science 317(5844):1513–1516.

8. Holland JH (2012) Signals and Boundaries (MIT Press).

9. Levin SA (2000) Fragile Dominion (Basic Books).

10. Ellis EC, Goldewijk KK, Siebert S, Lightman D, Ramankutty N (2010) Anthropogenic transformation of
the biomes, 1700 to 2000. Global Ecology and Biogeography 19(5):589–606.

11. Ellis, Ramankutty (2008) Putting people in the map: anthropogenic biomes of the world. FRONTIERS
IN ECOLOGY 6(10):523–523.

12. Surendran Nair S, Preston BL, King AW, Mei R (2016) Using landscape typologies to model socioecological
systems: Application to agriculture of the United States Gulf Coast. Environ Modell Softw 79:85–95.

13. Václavík T, Lautenbach S, Kuemmerle T, Seppelt R (2013) Mapping global land system archetypes.
Global Environ Chang 23(6):1637–1647.

14. Ropero RF, Aguilera PA, Rumí R (2015) Analysis of the socioecological structure and dynamics of the
territory using a hybrid Bayesian network classifier. Ecological Modelling 311:73–87.

15. Foley J, et al. (2005) Global consequences of land use. Science 309(5734):570–574.

16. Spake R, Lasseur R, Crouzat E, Bullockl J Unpacking ecosystem service bundles: Towards predictive
mapping of synergies and trade-offs between ecosystem services.

17. Raudsepp-Hearne C, Peterson GD, Bennett EM (2010) Ecosystem service bundles for analyzing tradeoffs
in diverse landscapes. P Natl Acad Sci Usa 107(11):5242–5247.

18. Renard D, Rhemtulla JM, Bennett EM (2015) Historical dynamics in ecosystem service bundles. P Natl
Acad Sci Usa 112(43):201502565–13416.

19. Meacham M, Queiroz C, Norström A, Peterson G (2016) Social-ecological drivers of multiple ecosystem
services: what variables explain patterns of ecosystem services across the Norrström drainage basin? Ecol
Soc 21(1):art14.

20. Queiroz C, et al. (2015) Mapping bundles of ecosystem services reveals distinct types of multifunctionality
within a Swedish landscape. Ambio 44(1):89–101.

21. Rabe S-E, Koellner T, Marzelli S, Schumacher P, Grêt-Regamey A (2016) National ecosystem services
mapping at multiple scales The German exemplar. Ecol Indic 70:357–372.

22. Hamann M, Biggs R, Reyers B (2015) Mapping socialecological systems: Identifying green-loop and
red-loop dynamics based on characteristic bundles of ecosystem service use. Global Environmental Change

20

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 13, 2018. ; https://doi.org/10.1101/299693doi: bioRxiv preprint 

https://doi.org/10.1101/299693
http://creativecommons.org/licenses/by-nc-nd/4.0/


34:218–226.

23. Ullah IIT, Kuijt I, Freeman J (2015) Toward a theory of punctuated subsistence change. P Natl Acad Sci
Usa 112(31):9579–9584.

24. Mitchell TD, Jones PD (2005) An improved method of constructing a database of monthly climate
observations and associated high-resolution grids. International Journal of Climatology 25(6):693–712.

25. Frelat R, et al. (2016) Drivers of household food availability in sub-Saharan Africa based on big data
from small farms. P Natl Acad Sci Usa 113(2):458–463.

26. Verburg PH, Ellis EC, Letourneau A (2011) A global assessment of market accessibility and market
influence for global environmental change studies. Environmental Research Letters 6(3):034019.

27. Charrad M, Ghazzali N, Boiteau V, Niknafs A (2014) NbClust: An RPackage for Determining the
Relevant Number of Clusters in a Data Set. J Stat Softw 61(6).

28. Brock G, Pihur V, Datta S, Datta S (2008) clValid: An R Package for Cluster Validation. J Stat Softw
25(1):1–22.

29. Leslie HM, et al. (2015) Operationalizing the social-ecological systems framework to assess sustainability.
P Natl Acad Sci Usa 112(19):5979–5984.

21

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 13, 2018. ; https://doi.org/10.1101/299693doi: bioRxiv preprint 

https://doi.org/10.1101/299693
http://creativecommons.org/licenses/by-nc-nd/4.0/

