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A Disclaimer

Concerning Models. . .
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An Important Factoid Regarding Grains

You eat the seeds.
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Why?

Tilman 2002, Nature

10.1038/nature01014
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Food Systems

Foley 2005, Science
10.1126/science.1111772
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Benefits

Nutrient sequestration

Soil formation

Soil retention

Pollination

Weed suppression

Aesthetic

CO2 sequestration
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The Excluded Middle
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The Excluded Middle

Tilman 1994, Ecology

10.2307/1939377
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The Excluded Middle

Cox 2002, Critical Rvws in Plt. Sci.

10.1080/0735-260291044188
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Is it possible?

Kantar 2013, Field Crops Research

10.1016/j.fcr.2013.04.018
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Is it possible?

Apr 20 – May 3

May 4 – May 17
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Is it possible?

May 18 – May 31

Jun 15 – Jun 28
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Is it possible?

Jul 13 – Jul 26

Oct 5 – Oct 18
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Is it possible?
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Is it possible?
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Breeding Efforts

Perennial flax Intermediate Wheatgrass Perennial Rice

Perennial wheat Perennial maize Perennial sorghum
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The Game Plan

Using a model of natural selection. . .

Reproduce what we see in nature

Using the same model under artificial selection. . .

Show something new
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Physiologic System
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Physiologic Equations

Energy comes in

d

dt
seeds = Gs(t) · w1 − s1 ·Ms

d

dt
leaves = Gl(t) · w1 − l1 ·Wl(t)− l1 ·Ml

d

dt
roots = Gr (t) · w1 − r1 ·Wr (t)− r1 ·Mr

d

dt
reserve = ηw · min

(
ηlεl l1

max(Kl , l1 + l2)
· Esun(t),

ηr εr r1
max(Kr , r1 + r2)

· Erain(t)

)
+ l1 ·Wl(t) · Ql + r1 ·Wr (t) · Qr

− w1 · (Gs(t) · Cs + Gl(t) · Cl + Gr (t) · Cr )

− s1 · Rs(t)− l1 · Rl(t)− r1 · Rr (t)

− w1 ·Mw

(1)
s, l , r ,w=Biomass [kg] Gs ,Gl ,Gr ,Wl ,Wr=Fraction Rate [%/s] ηl , ηr , ηw , εl , εr ,=[%]

Rs ,Rl ,Rr=[kg/kg] Ms ,Ml ,Mr ,Mw=[kg/kg] Cs ,Cl ,Cr ,Ql ,Qr=[kg/kg]
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Physiologic Equations

Energy is derived from two sources, consider one

d

dt
seeds = Gs(t) · w1 − s1 ·Ms

d

dt
leaves = Gl(t) · w1 − l1 ·Wl(t)− l1 ·Ml

d

dt
roots = Gr (t) · w1 − r1 ·Wr (t)− r1 ·Mr

d

dt
reserve = ηw · min

(
ηlεl l1

max(Kl , l1 + l2)
· Esun(t),

ηr εr r1
max(Kr , r1 + r2)

· Erain(t)

)
+ l1 ·Wl(t) · Ql + r1 ·Wr (t) · Qr

− w1 · (Gs(t) · Cs + Gl(t) · Cl + Gr (t) · Cr )

− s1 · Rs(t)− l1 · Rl(t)− r1 · Rr (t)

− w1 ·Mw

(1)
s, l , r ,w=Biomass [kg] Gs ,Gl ,Gr ,Wl ,Wr=Fraction Rate [%/s] ηl , ηr , ηw , εl , εr ,=[%]

Rs ,Rl ,Rr=[kg/kg] Ms ,Ml ,Mr ,Mw=[kg/kg] Cs ,Cl ,Cr ,Ql ,Qr=[kg/kg]
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Physiologic Equations

Energy/Inputs are combined to a useable form

d

dt
seeds = Gs(t) · w1 − s1 ·Ms

d

dt
leaves = Gl(t) · w1 − l1 ·Wl(t)− l1 ·Ml

d

dt
roots = Gr (t) · w1 − r1 ·Wr (t)− r1 ·Mr

d

dt
reserve = ηw · min

(
ηlεl l1

max(Kl , l1 + l2)
· Esun(t),

ηr εr r1
max(Kr , r1 + r2)

· Erain(t)

)
+ l1 ·Wl(t) · Ql + r1 ·Wr (t) · Qr

− w1 · (Gs(t) · Cs + Gl(t) · Cl + Gr (t) · Cr )

− s1 · Rs(t)− l1 · Rl(t)− r1 · Rr (t)

− w1 ·Mw

(1)
s, l , r ,w=Biomass [kg] Gs ,Gl ,Gr ,Wl ,Wr=Fraction Rate [%/s] ηl , ηr , ηw , εl , εr ,=[%]

Rs ,Rl ,Rr=[kg/kg] Ms ,Ml ,Mr ,Mw=[kg/kg] Cs ,Cl ,Cr ,Ql ,Qr=[kg/kg]
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Physiologic Equations

This can be viewed in terms of biomass

d

dt
seeds = Gs(t) · w1 − s1 ·Ms

d

dt
leaves = Gl(t) · w1 − l1 ·Wl(t)− l1 ·Ml

d

dt
roots = Gr (t) · w1 − r1 ·Wr (t)− r1 ·Mr

d

dt
reserve = ηw · min

(
ηlεl l1

max(Kl , l1 + l2)
· Esun(t),

ηr εr r1
max(Kr , r1 + r2)

· Erain(t)

)
+ l1 ·Wl(t) · Ql + r1 ·Wr (t) · Qr

− w1 · (Gs(t) · Cs + Gl(t) · Cl + Gr (t) · Cr )

− s1 · Rs(t)− l1 · Rl(t)− r1 · Rr (t)

− w1 ·Mw

(1)
s, l , r ,w=Biomass [kg] Gs ,Gl ,Gr ,Wl ,Wr=Fraction Rate [%/s] ηl , ηr , ηw , εl , εr ,=[%]

Rs ,Rl ,Rr=[kg/kg] Ms ,Ml ,Mr ,Mw=[kg/kg] Cs ,Cl ,Cr ,Ql ,Qr=[kg/kg]
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Physiologic Equations

Parts of the plant Grow

d

dt
seeds = Gs(t) · w1 − s1 ·Ms

d

dt
leaves = Gl(t) · w1 − l1 ·Wl(t)− l1 ·Ml

d

dt
roots = Gr (t) · w1 − r1 ·Wr (t)− r1 ·Mr

d

dt
reserve = ηw · min

(
ηlεl l1

max(Kl , l1 + l2)
· Esun(t),

ηr εr r1
max(Kr , r1 + r2)

· Erain(t)

)
+ l1 ·Wl(t) · Ql + r1 ·Wr (t) · Qr

− w1 · (Gs(t) · Cs + Gl(t) · Cl + Gr (t) · Cr )

− s1 · Rs(t)− l1 · Rl(t)− r1 · Rr (t)

− w1 ·Mw

(1)
s, l , r ,w=Biomass [kg] Gs ,Gl ,Gr ,Wl ,Wr=Fraction Rate [%/s] ηl , ηr , ηw , εl , εr ,=[%]

Rs ,Rl ,Rr=[kg/kg] Ms ,Ml ,Mr ,Mw=[kg/kg] Cs ,Cl ,Cr ,Ql ,Qr=[kg/kg]
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Physiologic Equations

Growth comes at the expense of the reserve

d

dt
seeds = Gs(t) · w1 − s1 ·Ms

d

dt
leaves = Gl(t) · w1 − l1 ·Wl(t)− l1 ·Ml

d

dt
roots = Gr (t) · w1 − r1 ·Wr (t)− r1 ·Mr

d

dt
reserve = ηw · min

(
ηlεl l1

max(Kl , l1 + l2)
· Esun(t),

ηr εr r1
max(Kr , r1 + r2)

· Erain(t)

)
+ l1 ·Wl(t) · Ql + r1 ·Wr (t) · Qr

− w1 · (Gs(t) · Cs + Gl(t) · Cl + Gr (t) · Cr )

− s1 · Rs(t)− l1 · Rl(t)− r1 · Rr (t)

− w1 ·Mw

(1)
s, l , r ,w=Biomass [kg] Gs ,Gl ,Gr ,Wl ,Wr=Fraction Rate [%/s] ηl , ηr , ηw , εl , εr ,=[%]

Rs ,Rl ,Rr=[kg/kg] Ms ,Ml ,Mr ,Mw=[kg/kg] Cs ,Cl ,Cr ,Ql ,Qr=[kg/kg]
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Physiologic Equations

Biomass Respires

d

dt
seeds = Gs(t) · w1 − s1 ·Ms

d

dt
leaves = Gl(t) · w1 − l1 ·Wl(t)− l1 ·Ml

d

dt
roots = Gr (t) · w1 − r1 ·Wr (t)− r1 ·Mr

d

dt
reserve = ηw · min

(
ηlεl l1

max(Kl , l1 + l2)
· Esun(t),

ηr εr r1
max(Kr , r1 + r2)

· Erain(t)

)
+ l1 ·Wl(t) · Ql + r1 ·Wr (t) · Qr

− w1 · (Gs(t) · Cs + Gl(t) · Cl + Gr (t) · Cr )

− s1 · Rs(t)− l1 · Rl(t)− r1 · Rr (t)

− w1 ·Mw

(1)
s, l , r ,w=Biomass [kg] Gs ,Gl ,Gr ,Wl ,Wr=Fraction Rate [%/s] ηl , ηr , ηw , εl , εr ,=[%]

Rs ,Rl ,Rr=[kg/kg] Ms ,Ml ,Mr ,Mw=[kg/kg] Cs ,Cl ,Cr ,Ql ,Qr=[kg/kg]
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Physiologic Equations

Biomass has Mortality

d

dt
seeds = Gs(t) · w1 − s1 ·Ms

d

dt
leaves = Gl(t) · w1 − l1 ·Wl(t)− l1 ·Ml

d

dt
roots = Gr (t) · w1 − r1 ·Wr (t)− r1 ·Mr

d

dt
reserve = ηw · min

(
ηlεl l1

max(Kl , l1 + l2)
· Esun(t),

ηr εr r1
max(Kr , r1 + r2)

· Erain(t)

)
+ l1 ·Wl(t) · Ql + r1 ·Wr (t) · Qr

− w1 · (Gs(t) · Cs + Gl(t) · Cl + Gr (t) · Cr )

− s1 · Rs(t)− l1 · Rl(t)− r1 · Rr (t)

− w1 ·Mw

(1)
s, l , r ,w=Biomass [kg] Gs ,Gl ,Gr ,Wl ,Wr=Fraction Rate [%/s] ηl , ηr , ηw , εl , εr ,=[%]

Rs ,Rl ,Rr=[kg/kg] Ms ,Ml ,Mr ,Mw=[kg/kg] Cs ,Cl ,Cr ,Ql ,Qr=[kg/kg]
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Physiologic Equations

Biomass can be Withdrawn

d

dt
seeds = Gs(t) · w1 − s1 ·Ms

d

dt
leaves = Gl(t) · w1 − l1 ·Wl(t)− l1 ·Ml

d

dt
roots = Gr (t) · w1 − r1 ·Wr (t)− r1 ·Mr

d

dt
reserve = ηw · min

(
ηlεl l1

max(Kl , l1 + l2)
· Esun(t),

ηr εr r1
max(Kr , r1 + r2)

· Erain(t)

)
+ l1 ·Wl(t) · Ql + r1 ·Wr (t) · Qr

− w1 · (Gs(t) · Cs + Gl(t) · Cl + Gr (t) · Cr )

− s1 · Rs(t)− l1 · Rl(t)− r1 · Rr (t)

− w1 ·Mw

(1)
s, l , r ,w=Biomass [kg] Gs ,Gl ,Gr ,Wl ,Wr=Fraction Rate [%/s] ηl , ηr , ηw , εl , εr ,=[%]

Rs ,Rl ,Rr=[kg/kg] Ms ,Ml ,Mr ,Mw=[kg/kg] Cs ,Cl ,Cr ,Ql ,Qr=[kg/kg]
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Physiologic Equations

Some Withdrawn biomass can be regained

d

dt
seeds = Gs(t) · w1 − s1 ·Ms

d

dt
leaves = Gl(t) · w1 − l1 ·Wl(t)− l1 ·Ml

d

dt
roots = Gr (t) · w1 − r1 ·Wr (t)− r1 ·Mr

d

dt
reserve = ηw · min

(
ηlεl l1

max(Kl , l1 + l2)
· Esun(t),

ηr εr r1
max(Kr , r1 + r2)

· Erain(t)

)
+ l1 ·Wl(t) · Ql + r1 ·Wr (t) · Qr

− w1 · (Gs(t) · Cs + Gl(t) · Cl + Gr (t) · Cr )

− s1 · Rs(t)− l1 · Rl(t)− r1 · Rr (t)

− w1 ·Mw

(1)
s, l , r ,w=Biomass [kg] Gs ,Gl ,Gr ,Wl ,Wr=Fraction Rate [%/s] ηl , ηr , ηw , εl , εr ,=[%]

Rs ,Rl ,Rr=[kg/kg] Ms ,Ml ,Mr ,Mw=[kg/kg] Cs ,Cl ,Cr ,Ql ,Qr=[kg/kg]
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Growth & Withdrawal Functions

Piecewise linear interpolations One point per month
Last year repeats
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Breeding: Genetics

Crossover

Point Mutations

Crossover points drawn from uniform distribution

Mutation points drawn from uniform distribution

Mutation degree drawn from normal distribution

Gene values always ≥ 0
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Breeding: Population

50 variants placed in pairwise competition: 2500 plots

Competitions last 8 years

Death during a competition → Replanting

Representation in breeding pool proportional to harvest

50 new variants generated
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Menagerie
Competition
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Menagerie
Root Perennial
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Menagerie
Root Perennial
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Menagerie
Root Perennial
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Menagerie
Reservoir Perennial
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Menagerie
Reservoir Perennial
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Menagerie
Reservoir Perennial
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Menagerie
Annual
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Menagerie
Annual
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Menagerie
Biennial
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Menagerie
Biennial
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Questions?

Richard Barnes (rbarnes@umn.edu)

Michael Kantar Clarence Lehman Lee DeHaan Donald Wyse

University of Minnesota The Land Institute
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