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Figure 4. The dry, inhabitable surface of 

planet Mars. Image taken by Mars rover 

Curiosity in 2015. (source: NASA, 2015). 
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𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 (µ𝑚𝑜𝑙 𝑚−2 𝑠−1) ⋅ 86400 𝑠 𝑑−1 
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𝐹 ⋅ ([𝐶𝑂2]𝑟𝑒𝑓−[𝐶𝑂2]𝑠𝑎𝑚𝑝𝑙𝑒)

100 ⋅ 𝑆
− [𝐶𝑂2]𝑠𝑎𝑚𝑝𝑙𝑒 ⋅ 𝐸

[𝐶𝑂2]𝑟𝑒𝑓 [𝐶𝑂2]𝑠𝑎𝑚𝑝𝑙𝑒

𝐹 𝑆 𝐸

𝐸 [𝐻2𝑂]𝑟𝑒𝑓 [𝐻2𝑂]𝑠𝑎𝑚𝑝𝑙𝑒

𝑃𝑛 =

𝐹 ⋅ ([𝐶𝑂2]𝑟𝑒𝑓−[𝐶𝑂2]𝑠𝑎𝑚𝑝𝑙𝑒(
1000 − [𝐻2𝑂]𝑟𝑒𝑓
1000 − [𝐻2𝑂]𝑠𝑎𝑚𝑝𝑙𝑒
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 𝛼𝑐

 𝑅𝑑
 𝐼𝑐

 𝐼𝑠 𝐼𝑠



 

α

𝑃𝑛 = 𝑃𝑛,max  ⋅ 𝛼𝑐 ⋅
−𝐼𝑐

𝑃max  + 𝛼𝑐 ⋅ (𝐼 − 𝐼𝑐)

𝑃𝑛 𝐼 = 0 𝑅𝑑 𝑃𝑛
𝑅𝑑 𝑃𝑔

𝑃𝑛 = 𝑃𝑔 ⋅ 𝛼𝑐 ⋅
𝐼

𝑃g  + 𝛼𝑐 ⋅ 𝐼
− 𝑅𝑑

𝐼𝑠 𝑃𝑛
𝑃𝑛,𝑚𝑎𝑥

 

𝑃𝑛 𝐶𝑂2
𝐶𝑖

𝑃𝑛 𝐶𝑖)

𝐶𝑖



 

 

, 

𝑉𝑐,max  , 𝐽, 𝑅𝑑 , 𝛤∗, 𝐾𝑐 𝐾𝑜

 𝑉𝑐,max  ,
 𝐽

 𝑅𝑑
 𝛤∗

 𝐾𝑐
 𝐾𝑜

𝐴 = min {𝐴𝑐, 𝐴𝑗, 𝐴𝑝}



 

Figure 18. Clipping a leaf inside the leaf 

chamber for photosynthesis measurements 

using the Li-6400XT (photographed by 

Huysentruyt, Jaron, 2017). 
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𝐴𝑝 =
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𝐴𝑝
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𝐴𝑐) 𝐴𝑗)

𝐴𝑝)

𝐴𝑝
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 𝑃𝑔
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𝑃𝑔 𝑅𝑑

𝑃𝑔 𝑅𝑑
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(𝑑𝑎𝑦)
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(𝑛𝑖𝑔ℎ𝑡)
𝑑(𝑋𝑑)

𝑑𝑡
= 𝑅𝑑 ⋅ 𝐶𝑝𝑟𝑜𝑝𝑜𝑟𝑡 ⋅ 𝑋𝑑

𝐶𝑝𝑟𝑜𝑝𝑜𝑟𝑡



 

 

𝑋𝑑

𝑋𝑑

 

𝑃𝑛𝑒𝑡

𝑃𝐴𝑅 (
µ𝑚𝑜𝑙

𝑚2 ⋅ 𝑠
) = 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ⋅ 𝐶𝑢𝑛𝑖𝑡𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ⋅ 𝐶𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 ⋅ 𝐶𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑃𝐴𝑅
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𝑊
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𝑊 ⋅ 𝑠
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µ𝑚𝑜𝑙

𝑚2 ⋅ 𝑠
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(𝑃𝑛,𝑚𝑎𝑥 𝐶𝑜𝑛𝑑), 𝐵𝐿𝐶𝑜𝑛𝑑)

 (𝐶𝑐𝑜𝑚𝑝,25)

𝑋𝑇 𝑉𝑖
𝑋𝑐

 

𝑑(𝑋𝑑)

𝑑𝑡
= 𝐶𝛽 ⋅ (𝐶𝛼 ⋅ 𝛷𝑝ℎ𝑜𝑡 − 𝛷𝑟𝑒𝑠𝑝)

𝛷𝑝ℎ𝑜𝑡 𝛷𝑟𝑒𝑠𝑝 𝐶𝛼
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𝛷𝑝ℎ𝑜𝑡
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𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥  =
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𝜀 ⋅ (𝐶𝑃𝐴𝑅 ⋅ 𝐶𝑟𝑎𝑑𝑟𝑓 ⋅ 𝑉𝑖 + 𝑉𝐿𝐸𝐷) + 𝜎𝐶𝑂2 ⋅ (𝑋𝑐 − 𝛤)

𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥
𝑉𝑖 𝑇 𝑋𝑐
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𝐶𝑠𝑡𝑚
𝐶𝑏𝑛𝑑

𝜎𝑐𝑎𝑟 𝜎𝑐𝑎𝑟

𝐶𝑟𝑎𝑑,𝑟𝑓

𝐶𝑃𝐴𝑅
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−1 + Cstm

−1 + σcar
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−1

𝜎𝑐𝑎𝑟   =  𝐶𝑐𝑎𝑟1 ⋅ 𝑋𝑡
2 + 𝐶𝑐𝑎𝑟2 ⋅ 𝑋𝑡 + 𝐶𝑐𝑎𝑟3

𝐶𝑟𝑒𝑠𝑝𝑟 𝐶𝑟𝑒𝑠𝑝𝑠

𝐶𝑄10𝑟𝑒𝑠𝑝
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Figure 19. The lettuce plants in the 

morning when the LED lights were still 

on (photographed by the author, 2017). 
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𝐶𝛤 𝐶𝑐𝑜𝑚𝑝,25

𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥 𝑃𝑛,𝑚𝑎𝑥

𝐶𝑠𝑡𝑚 𝐶𝑏𝑛𝑑 ,  𝐶𝛤 𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥

𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥 𝑃𝑛,max

𝑔𝑠𝑡,𝐻2𝑂 𝑔𝑠𝑡,𝐻2𝑂
𝑔𝑏𝑛𝑑,𝐶𝑂2

𝐶𝑠𝑡𝑚 (
𝑚

𝑠
) =

𝑔𝑠𝑡,𝐶𝑂2 (
𝑚𝑜𝑙
𝑚2 ⋅ 𝑠

)

40.876 (
𝑚𝑜𝑙
𝑚3
)
 =

𝑔𝑠𝑡,𝐻2𝑂 (
𝑚𝑜𝑙
𝑚2 ⋅ 𝑠

)

1.6 ⋅ 40.876 (
𝑚𝑜𝑙
𝑚3
)
 =

𝐶𝑜𝑛𝑑 (
𝑚𝑜𝑙
𝑚2 ⋅ 𝑠

)

1.6 ⋅ 40.876 (
𝑚𝑜𝑙
𝑚3
)
  

𝐶𝑏𝑛𝑑 (
𝑚

𝑠
) =

𝑔𝑏𝑛𝑑,𝐶𝑂2 (
𝑚𝑜𝑙
𝑚2 ⋅ 𝑠

)

40.876 (
𝑚𝑜𝑙
𝑚3
)
=

𝑔𝑠𝑡,𝐻2𝑂 (
𝑚𝑜𝑙
𝑚2 ⋅ 𝑠

)

1.37 ⋅ 40.876 (
𝑚𝑜𝑙
𝑚3
)
=

𝐵𝐿𝐶𝑜𝑛𝑑 (
𝑚𝑜𝑙
𝑚2 ⋅ 𝑠

)

1.37 ⋅ 40.876 (
𝑚𝑜𝑙
𝑚3
)

𝐶𝑐𝑜𝑚𝑝,25

𝐶𝑐𝑜𝑚𝑝,20 (µ𝑏𝑎𝑟) = 𝐶𝑐𝑜𝑚𝑝25 (µ𝑏𝑎𝑟) ⋅ 𝑄𝐶,𝑐𝑜𝑚𝑝

20°𝐶−25°𝐶
10°𝐶

𝐶𝛤 (
𝑔

𝑚3
) = 𝐶𝑐𝑜𝑚𝑝,20(µ𝑏𝑎𝑟) ⋅ 10

−6 (
𝑏𝑎𝑟

µ𝑏𝑎𝑟
) ⋅ 0.9862 (

𝑎𝑡𝑚

𝑏𝑎𝑟
) ⋅ (

1

𝑎𝑡𝑚
) ⋅
1.94 (

𝑔
𝑚2
)

𝑝𝑝𝑚𝑣



 

 

𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥
𝑃𝑛,max

𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥 

𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥
𝑃𝑛,𝑚𝑎𝑥
𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥 𝑃𝑛,𝑚𝑎𝑥 𝑃𝑛,𝑚𝑎𝑥
𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥 𝑋𝑐 𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥
𝑉𝑖 𝑋𝑐 𝑃𝑛,𝑚𝑎𝑥

𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥 𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥
𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥 𝑃𝑛,𝑚𝑎𝑥

𝐶𝑙𝑎𝑟𝑑 , 𝐶𝑐𝑎𝑟1,  𝐶𝑐𝑎𝑟2, 𝐶𝑐𝑎𝑟3, 𝐶𝑄10𝛤 𝐶𝜀

 

𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥 𝑃𝑛,𝑚𝑎𝑥

 



 

 

 

 

Cstm, Cbnd, Φphot,max, CΓ

 

 

𝑋𝑇 𝑋𝑐 𝑉𝑖

𝐶𝑙𝑎𝑟𝑑 , 𝐶𝑐𝑎𝑟1, 𝐶𝑐𝑎𝑟2, 𝐶𝑐𝑎𝑟3, 𝐶𝑄10𝛤
𝐶𝜀 𝑃𝑛,𝑚𝑎𝑥 𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥 𝑋𝑐 𝑉𝑖

𝐶𝛽, 𝐶𝑟𝑒𝑠𝑝,𝑟, 𝐶𝑟𝑒𝑠𝑝,𝑠 , 𝐶𝜏, 𝐶𝑄10𝑟𝑒𝑠𝑝 𝐶𝑘



 

 

𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥 𝐵𝐿𝐶𝑜𝑛𝑑 𝐶𝑜𝑛𝑑 𝐶𝑐𝑜𝑚𝑝25

 



 

 

 

 

𝑃max  , 𝛼𝑐 𝐼𝑐
𝐽 𝑅𝑑

 

 

 

 𝑃𝑚𝑎𝑥  , 𝛼𝑐 𝐼𝑐



 

 

 

  

𝐽  𝑅𝑑

Pn,max  

αc
Ic

Vc,max  

Rd
Jmax  

 

𝜱𝒑𝒉𝒐𝒕,𝒎𝒂𝒙 𝑪𝒔𝒕𝒎 𝑪𝒃𝒏𝒅 𝑪𝒄𝒐𝒎𝒑𝟐𝟓 𝜱𝒑𝒉𝒐𝒕,𝒎𝒂𝒙 𝑪𝒔𝒕𝒎 𝑪𝒃𝒏𝒅 𝑪𝒄𝒐𝒎𝒑𝟐𝟓 



 

 

𝜱𝒑𝒉𝒐𝒕,𝒎𝒂𝒙 𝑪𝒔𝒕𝒎 𝑪𝒃𝒏𝒅 𝑪𝒄𝒐𝒎𝒑𝟐𝟓 𝜱𝒑𝒉𝒐𝒕,𝒎𝒂𝒙 𝑪𝒔𝒕𝒎 𝑪𝒃𝒏𝒅 𝑪𝒄𝒐𝒎𝒑𝟐𝟓 

 

 

𝐶𝑝𝑟𝑜𝑝𝑜𝑟𝑡

𝐶𝑝𝑟𝑜𝑝𝑜𝑟𝑡
𝐶𝑟𝑒𝑠𝑝,𝑠
𝐶𝑟𝑒𝑠𝑝,𝑟

𝐶𝑝𝑟𝑜𝑝𝑜𝑟𝑡

𝐶𝑟𝑒𝑠𝑝𝑠

𝐶𝑟𝑒𝑠𝑝𝑟

 



 

 

 

 

𝐶𝑝𝑟𝑜𝑝𝑜𝑟𝑡
 

 

D
ry

 w
e

ig
h

t 
(g

 m
-2

) 

Time (days) 

a b c 



 

 

   
  

   
 

    
  
 

a b 

d e f 

g h i 

Time (days) 

 

c 

D
ry

 m
a

s
s

 (
g

 m
2
) 



 

 

 

 

 𝐶𝛼 𝐶𝑃𝐴𝑅  𝐶𝑟𝑎𝑓,𝑟𝑓 

𝐶𝛼
𝐶𝑃𝐴𝑅
 𝐶𝑟𝑎𝑑,𝑟𝑓

𝐶𝜀 𝐶𝑐𝑎𝑟3

𝐶𝑐𝑎𝑟3
𝐶𝑟𝑒𝑠𝑝𝑠 𝐶𝑟𝑒𝑠𝑝𝑟

𝐶𝜀

𝐶𝛽

𝐶𝑟𝑒𝑠𝑝,𝑠
𝐶𝑟𝑒𝑠𝑝,𝑟
𝐶𝜏

𝐶𝑄10𝑟𝑒𝑠𝑝

𝐶𝑘
𝐶𝑙𝑎𝑟𝑑
𝐶𝑐𝑎𝑟1
𝐶𝑐𝑎𝑟2
𝐶𝑐𝑎𝑟3
𝐶𝑄10𝛤
𝐶𝜀



 

 

 

𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥  𝑃𝑛,𝑚𝑎𝑥

𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥 𝑃𝑛,𝑚𝑎𝑥

𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥 𝑃𝑛,𝑚𝑎𝑥

𝐶𝑙𝑎𝑟𝑑
𝐶𝑐𝑎𝑟1
𝐶𝑐𝑎𝑟2
𝐶𝑐𝑎𝑟3
𝐶𝑄10𝛤
𝐶𝜀

𝑃𝑛,max
𝐶𝑜𝑛𝑑

𝐵𝐿𝐶𝑜𝑛𝑑 𝐶𝑐𝑜𝑚𝑝25

𝐶𝛽
𝐶𝑟𝑒𝑠𝑝𝑠
𝐶𝑟𝑒𝑠𝑝,𝑟
𝐶𝜏

𝐶𝑄,10,𝑟𝑒𝑠𝑝
𝐶𝑘

𝐶𝑟𝑒𝑠𝑝𝑟 𝐶𝜏 𝐶𝑟𝑒𝑠𝑝𝑠

 



 

 

 

𝐶𝑄10𝛤



 

 

 

 

𝑃𝑛,𝑚𝑎𝑥 𝛷𝑝ℎ𝑜𝑡,𝑚𝑎𝑥
𝐶𝑙𝑎𝑟𝑑 , 𝐶𝑐𝑎𝑟1, 𝐶𝑐𝑎𝑟2, 𝐶𝑐𝑎𝑟3, 𝐶𝑄10𝛤 𝐶𝜀

𝐶𝛽 , 𝐶𝑟𝑒𝑠𝑝,𝑟 , 𝐶𝑟𝑒𝑠𝑝,𝑠, 𝐶𝜏, 𝐶𝑄10𝑟𝑒𝑠𝑝 𝐶𝑘

𝐶𝛽
𝐶𝜏

𝐶𝛽

𝐶𝑟𝑒𝑠𝑝,𝑠
𝐶𝑟𝑒𝑠𝑝,𝑟
𝐶𝜏

𝐶𝑄10𝑟𝑒𝑠𝑝

𝐶𝑘
𝐶𝑙𝑎𝑟𝑑
𝐶𝑐𝑎𝑟1
𝐶𝑐𝑎𝑟2
𝐶𝑐𝑎𝑟3
𝐶𝑄10𝛤
𝐶𝜀

 𝐶𝑙𝑎𝑟𝑑 , 𝐶𝑐𝑎𝑟1, 𝐶𝑐𝑎𝑟2, 𝐶𝑐𝑎𝑟3, 𝐶𝑄10𝛤 𝐶𝜀



 

 

 

𝛷𝑝ℎ𝑖,𝑝ℎ𝑜𝑡,𝑚𝑎𝑥 = 𝑃𝑛,𝑚𝑎𝑥

 



 

 

 

 

𝐶𝑝𝑟𝑜𝑝𝑜𝑟𝑡

𝐶𝑝𝑟𝑜𝑝𝑜𝑟𝑡



 

 

 

 



 

 

 

𝐶𝑝𝑟𝑜𝑝𝑜𝑟𝑡
𝑃𝑛,𝑚𝑎𝑥 𝐶𝑜𝑛𝑑 𝐵𝐿𝐶𝑜𝑛𝑑

𝑃𝑛,𝑚𝑎𝑥
𝑃𝑛,𝑚𝑎𝑥

 

𝑃𝑛 𝑃𝑛

 𝑃𝑛

𝑃𝑛



 

 

 

 

 

 

 

𝐶𝑒𝑝𝑠



 

 

 

 

𝐶𝑝𝑟𝑜𝑝𝑜𝑟𝑡



 

 

 

 



 

 



 

 

 

 



 

 

 

 



 

 

 



 

 



 

 

 



 

 



 

 


