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Abstract

C4 photosynthesis is  an advanced complement to the more ancestral  and more common 
pathway refereed to as C3. C4 metabolism has evolved in several taxa, and it is theorized that 
it worked as an adaptation to the low CO2 levels characteristic of late geological time. The 
adaptation also carries with it some resistance to the negative effects brought on by high 
temperatures  and  drought.  C4  metabolism  is,  however,  not  free,  meaning  that  under 
conditions  of  lower  temperature  and  higher  CO2-levels,  C3  photosynthesis  is  still  more 
viable. This makes it interesting to study how C4-species might shift their ranges in response 
to climate change, as it implies both elevated CO2 levels and higher mean temperatures in 
most parts of the world. 

In this report, I develop a model based on the CO2/O2 specificity of Rubisco from Spinach 
(Spinacia oleracea) at different temperatures, using data found in literature on the subject. 
The resulting model has some success in describing the current distribution of C4 species,  
using temperature and CO2 concentration as explanatory variables.
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1. Introduction
C4 photosynthesis is a mode of photosynthesis that acts as an extension to C3 metabolism, 
which is the ancestral and most common type of photosynthesis. C4 has evolved multiple  
times in several taxa (Ehleringer et al., 1997; Westhoff and Gowik, 2010). Even though these 
taxa are of polyphyletic origin, all C4 species within them share a distinct set of physiological 
adaptations  (Westhoff  and Gowik,  2010),  making C4 an excellent  example  of  convergent 
evolution  in  the  angiosperms  and  interesting  to  study  the  conditions  that  trigger  the 
evolution of this pathway (McKown and Dengler, 2007). C4 has evolved independently more 
than  40  times  in  the  angiosperms  (Westhoff  and  Gowik,  2010).  Most  C4  species  are 
monocotelydons (about 4600), while only about 1600 species of C4 dicotelydons are known 
(Westhoff and Gowik, 2010). The C4 syndrome carries with it benefits that make these plants 
more  drought  resistant  and  more  efficient  in  utilizing  micro  nutrients,  therefore  much 
genetic research is currently being done to transfer this pathway to C3 crops such as rice, to 
increase crop yields (Gowik and Westhoff, 2011; Raines, 2011).

The  goal  of  this  paper  is  to  present  the  evolutionary  adaptations  associated  with  C4 
metabolism, and create a graphical and mathematical model for its viability at different CO2 

concentrations and temperatures. This model could then be used to explain which of the C3 
and C4 pathways have the highest viability in different environments, and possibly what type 
of environment would encourage C4 evolution. Similar models exist, but few have tried to 
incorporate more than one variable (Lloyd and Farquhar, 1994). Such a model could also be 
useful in determining what crops could grow in certain areas of the world, especially when 
choosing between members of a family or genus that contains both C3 and C4 plants. The 
model’s main focus is on the evolutionary response to changes in future climate conditions 
and,  as  such,  another  possible  use  of  the  model  is  for  projecting  C4  plant  distribution 
patterns in warmer and drier climates.

1.1 Physiology associated with C4 metabolism

C4 photosynthesis  is  coupled  with a  set  of  distinct  physiological  adaptations,  commonly 
refered to as Kranz anatomy, where the mesophyll and bundle-sheath cells are arranged as a 
wreath around the vascular bundles  (McKown and Dengler, 2007; Taiz and Zeiger, 2010; 
Westhoff and Gowik, 2010). The difference between C3 and C4 leaf anatomy is shown in 
Figure  1,  where  fields  in  dark  grey  represent  mesophyll  cells  and  fields  in  lighter  grey 
represent bundle sheath cells. Notice how the mesophyll cells completely dominate the leaf 
in C3 plants while bundle sheath cells are barely noticeable, in contrast to C4 plants, where 
the bundle-sheath cells are clearly distinguishable and highly prominent. In C4 plants, the 
mesophyll cells (the site of CO2 fixation) are always on the outside of the wreath, with the 
bundle-sheath  cells  (the  site  of  the  Calvin-Benson  cycle)  closest  to  the  vascular  tissue 
(McKown and Dengler, 2007; Campbell et al., 2008; Taiz and Zeiger, 2010; Westhoff and 
Gowik,  2010).  In some cases,  Kranz anatomy is used specifically  to describe this cellular 
arrangement,  but  in  most  cases  Kranz  anatomy  refers  to  a  wider  range  of  adaptations 
associated with C4 metabolism (McKown and Dengler, 2007), and that is how the term will 
be used in this report.  It  is  important  to note that  C4 is  not a completely  new mode of  
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photosynthesis, but rather a complement to the C3 cycle; the main difference being that in 
C4 plants, CO2 fixation and the Calvin-Benson cycle occur in different cellular compartments 
(Westhoff and Gowik, 2004).

Along with the arrangement of the mesophyll and bundle-sheath cells, most C4 plants have 
dense vein spacing and a low mesophyll to bundle-sheath cell ratio (McKown and Dengler, 
2007; Westhoff and Gowik, 2010). This cell arrangement enhances metabolite cycling and 
ensures  that  all  mesophyll  cells  are  in  contact  with  a  bundle-sheath  cell  (McKown  and 
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Figure  1:  an  illustration  showing  the  cellular  arrangements  
associated with C3 and C4 plants.



Dengler,  2007).  Bundle-sheath  cells  are  enlarged  and  contain  a  large  number  of 
mitochondria, chloroplasts and peroxisomes, as well as densely packed plasmodesmata for 
rapid diffusion of metabolites between cells (McKown and Dengler, 2007). In C4 plants, the 
enzyme Phosphoenolpyruvate Carboxylase (PEPCase) is responsible for binding CO2 into a 
4-carbon acid in the mesophyll cells, which is then transported to the bundle-sheath cells 
where the acid is decarboxylized to release the CO2, which is then reabsorbed by Rubisco 
(Hatch and Slack, 1970; McKown and Dengler, 2007; Campbell et al., 2008; Taiz and Zeiger, 
2010; Westhoff and Gowik, 2010).  Figure 2 provides an overview of the general processes 
involved: the CO2 is first dissolved in the cytosol of the mesophyll cells and forms HCO 3

- 

(carbonic acid), PEPCase uses the HCO3
- to carbozylize PEP, which then forms Oxaloacetate. 

The Oxaloacetate is in turn converted to another 4-carbon acid (Malate and/or Aspartate). 
The 4-carbon acid is then decarboxylized in the bundle-sheath, releasing CO2 and Pyruvate. 
The CO2 is reabsorbed by the Calvin-Benson cycle and turned into sugar, while the Pyruvate 
is recycled and turned into PEP (Westhoff and Gowik, 2004; McKown and Dengler, 2007; 
Bowser et al.,  2008; Campbell  et al.,  2008; Taiz  and Zeiger,  2010; Westhoff and Gowik, 
2010). However, there are variations in this process between different lineages of C4 plants 
(Westhoff  and  Gowik,  2004;  McKown  and  Dengler,  2007;  Westhoff  and  Gowik,  2010). 
PEPCase can bind CO2 into either malate or aspartate (or both), these molecules can then be 
decarboxylized by either NADP-malic enzyme, NAD-malic enzyme, or phosphoenolpyruvate 
carboxykinase  (Henderson et al., 1995; McKown and Dengler, 2007; Westhoff and Gowik, 
2010). This report will not go into this further, however, C4 plants are generally grouped by 
which decarboxylase they use.

1.2 Evolutionary views

The evolution of this pathway is thought to have occurred during periods of Earths history 
when atmospheric CO2 conditions were very low (Westhoff and Gowik, 2010), Christin et al. 
(2008) show that C4 photosynthesis in the Chloroidoideae subfamily (of the Poaceae family) 
evolved when CO2 levels droped suddenly during the Oligocene (32-15 million years ago). In 
low CO2 concentrations, C4 metabolism counteracts photorespiration which would otherwise 
lead to a net loss of ATP (McKown and Dengler, 2007; Bauwe et al., 2010). Photorespiration 
is a process where Rubisco fixes O2 instead of CO2. When this occurs, some molecules have to 
be restored in a process that costs ATP and the process produces toxins that the cell needs to 
take care of (Taiz and Zeiger, 2010). Currently, however, when CO2 levels are adequately high 
to  prevent  this,  plants  using  the  C4  photosynthetic  pathway  occur  with  their  highest 
frequencies in hot and arid regions (Henderson et al., 1995), suggesting that the adaptation 
also provides an advantage in these environments. The CO2-concentrating mechanism of C4 
metabolism allows  plants  to  photosynthesise  while  not  having  to  open  their  stoma very 
widely, which decreases the loss of water through transpiration (Westhoff and Gowik, 2004; 
Campbell  et  al.,  2008).  This  is  likely  part  of  the  explanation for why the C4 pathway is 
currently most prevalent in dry and hot areas. However, there is no reason to expect that C4 
photosynthesis evolved as an adaptation to arid climates (Osmond et al., 1980; Westhoff and 
Gowik, 2010), as there are C3 plants that are equally well adapted to aridity as well as C4 
plants that require a lot of water (Westhoff and Gowik, 2010). It is also known that Rubisco, 
the  enzyme  used  to  fix  CO2 in  the  C3  cycle,  increases  its  specificity  for  O2 at  higher 
temperatures, which increases the proportion of photorespiration (Jordan and Ogren, 1984; 
Cowling and Sykes, 1999; Bernacchi et al., 2001).
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Since C4 photosynthesis has evolved several times within several families, it seems that this 
metabolic  pathway  evolves  relatively  easily  (Svensson et  al.,  2003;  Westhoff  and Gowik, 
2010).  Indeed,  all  of  the  components  of  C4  photosynthesis  can  be  found  in  C3  plants  
(Svensson  et  al.,  2003;  Westhoff  and  Gowik,  2010).  Many,  if  not  all,  C3  plants  have 
rudimentary bundle-sheath cells; however, they are much smaller than in C4 plants and have 
many fewer organelles (McKown and Dengler, 2007; Westhoff and Gowik, 2010). It is likely 
that  evolution  of  this  pathway  starts  by  the  duplication  of  whole  genomes,  segments  of 
genomes or single genes (Wang et al., 2009; Westhoff and Gowik, 2010). For example, Wang 
et al.  (2009) showed that most genes coding for most C4 enzymes are the result of gene 
duplication. They even write that in Sorghum (a genus of C4 grasses), both the C3 and C4 
versions of the PEPCase and NAD-ME genes are preserved in the genome. Research on the 
evolution of C4 photosynthesis is generally done by looking at C3-C4 intermediate pathways 
in today’s angiosperms, as well as doing crosses between closely related species with C3 and 
C4 photosynthesis  to  see  how the traits  develop  as  hybrids  are  crossed with each  other 
(Osmond et al., 1980; McKown and Dengler, 2007; Westhoff and Gowik, 2010). For example 
Osmond et al. (1980) crossed two closely related species, one with C3 photosynthesis and the 
other with C4 photosynthesis and noticed how the hybrids developed what resembled Kranz 
anatomy, but lacked the same compartmentalization of enzymes.
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Figure  2:  Illustration  of  the  metabolic  processes  associated  with  general  C4  
photosynthesis.  Depending  on  the  pathway  type,  some  enzymes  vary.  PPDK  =  
Pyruvat-Phosphat-Dikinase,  Decarboxylizing  enzyme  =  NAD-ME,  NADP-ME  or  
phosphoenolpyruvate  carboxykinase. The  scale  of  individual  components  in  the  
diagram does not reflect its complexity, importance or spatial requirement.



The adaptations leading to C4 metabolism likely began with increased vein density (McKown 
and Dengler, 2007; Westhoff and Gowik, 2010) and enhancement of the bundle-sheath cells 
which resulted in rudimentary Kranz anatomy,  followed by compartmentalization of Gly-
decarboxylase in the bundle-sheath which lead to a photorespiratory CO2 pump (Westhoff 
and Gowik, 2010), a mechanism to salvage some of the CO2 lost to photorespiration. The 
existence of photorespiratory CO2 pumps is known in several angiosperm species, and allows 
the  plants  to  conserve  some  of  the  CO2 that  would  otherwise  have  been  lost  in 
photorespiration  (Sage,  2004). Elevated  PEPCase  activity  and  an  increase  in  the  other 
enzymes involved in C4 metabolism, as  well  as  appropriate  compartmentalization finally 
established the C4 cycle  (Westhoff  and Gowik,  2010). According to  Westhoff  and Gowik 
(2010), the stepwise progression in the evolution of this pathway, along with the occurrence 
of intermediate pathways in current angiosperms, suggests that all adaptations along the way 
carried with it some benefit.

1.3 Energy costs and trade-offs

Due to the increased ATP cost, C4 metabolism is only more efficient than C3 metabolism in 
low-CO2 or  high temperature  environments.  Theoretically,  according  to  Henderson et  al. 
(1995) C4 plants can only reach about 70% of the theoretical maximum sugar and ATP yield 
of C3 plants. This is due to the ATP consumed when fixing CO2 in the mesophyll and then 
releasing it in the bundle-sheath cells. All in all, C4 plants consume 5 ATP and 2 NADPH for  
each CO2 fixed, compared to 3 ATP and 2 NADPH in C3 plants (Osmond et al., 1980). Table 
1 lists some numbers for energy costs involved in C3 and C4 photosynthesis.

1.4 Intermediate pathways

For the evolutionary perspective it is important to mention that intermediate pathways exist.  
The  model  I  will  develop  does  not  cover  them,  but  I  believe  this  only  makes  it  more 
important to be aware of their existence. C3-C4 intermediate pathways exist in a number of 
species, with varying anatomy and CO2 compensation points (Ku et al., 1983; Monson et al., 
1987).  These  species  tend  to  have  lower  photorespiration  than  C3  species,  as  well  as 
rudimentary  to full  Kranz-anatomy  (Ku et al.,  1983).  Some species  have single-celled C4 
pathways  where  the  CO2-fixation  and  Calvin-Benson  cycle  occur  in  the  same  cell,  even 
though the  two processes  are  always  spatially  separated  (Taiz  and Zeiger,  2010).  C3-C4 
intermediate species occur in a wide range of families and can give us great insight into the 
trajectories of C4 evolution (Westhoff and Gowik, 2010). For example, Christin et al. (2010) 
found,  when looking  at  C3-C4 intermediates  in  the  family  Molluginaceae,  that  enlarged 
bundle-sheath cells in this family may first have been selected for as a means to store water 
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Table  1:  raw data for  comparisons  of  energy costs  involved  in  C4 metabolism and  
photorespiration
Data type Value Source

Additional cost of C4 cycle  compared to C3 2 ATP (Hatch and Slack, 1970) 

Cost of photorespiration in C3 plants 1 ATP + 1,5NADPH + 1/2CO2 (Gardeström, 2011)



when  they  were  exposed  to  harsh  environmental  conditions.  This  adaptation  in  turn 
provided a prerequisite from which Kranz-anatomy could develop.

1.5 Photorespiration

For most of Earths history, atmospheric CO2 concentrations were far higher than they are 
today, Rubisco [the primary CO2 acceptor in C3 plants,  full name according to Jordan and 
Ogren (1984):  ribulose 1,5-bisphosphate  carboxylase/oxygenase] is  an old enzyme which 
evolved long before CO2 levels dropped in the Oligocene (Christin et al., 2008). Due to the 
structural  similarities  of  the  O2 and  CO2 molecules,  Rubisco  has  some  affinity  for  both 
(although the affinity for CO2 is higher) (Kubien et al., 2008), something that was not as big 
a problem earlier  in  the history  of  photosynthesis  when CO2 concentrations  were higher 
(Cowling and Sykes, 1999). Photorespiration occurs when Rubisco fixes O2 to Ribulose-1,5-
bisphosphate  (RuBP) instead  of  CO2 (Campbell  et  al.,  2008).  During  plant  evolution, 
Rubisco kinetics have changed and different solutions for increasing the CO2 concentration 
near the site of rubisco (C4 photosynthesis) have evolved to counter the oxygenase function 
of Rubisco, however, the enzyme is complex and the change in kinetics is minor.  (Ogren, 
1984). The products of photorespiration are 2-Phospho-Glycolate and 3-Phospho-Glycerate 
(Ogren, 1984; Campbell et al., 2008). The 2-Phospho-Glycolate is almost instantly broken 
down into Glycolate, which is toxic if allowed to build up inside the cells, meaning that it has 
to be taken care of (Ogren, 1984). The metabolism of Glycolate is fairly complex and involves 
three  organelles;  the  mitochondria,  the  peroxisomes and the chloroplasts  (Ogren,  1984). 
After two photorespiratory events, the glycolate can be broken down and reassembled as 
RuBP, during this process, one CO2 molecule is released and has to be re-assimilated into the 
Calvin-Benson  cycle  (Gardeström,  2011).  Additionally,  an  NH3 (ammonia)  molecule  is 
formed,  which is  also  toxic  and therefore  quickly  taken to  the  mitochondria  where  it  is  
recycled and used for protein synthesis (Taiz and Zeiger, 2010).
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2. Materials and Methods
The goal  of  this  report  is  to  attempt to explain  how plants  may react  to climate  change 
depending  on  their  mode  of  photosynthesis.  Since  we  know  that  temperature  and  CO2 

concentration in the atmosphere affects photorespiratory rates in C3 plants, it is interesting 
to create a model  for  the competitive abilities  of  C3 and C4 species  depending on these 
variables.  Data  on  the  CO2/O2 specificity  of  Rubisco  was  therefore  collected  from  the 
scientific literature. Jordan and Ogren (1984) did an excellent study on the CO2 specificity of 
Rubisco at different temperatures,  using enzymes from spinach (Spinacia oleracea,  a  C3 
plant). In their study, they extracted Rubisco from spinach and subjected it to different levels  
of CO2, O2 and temperature in vitro. As plants have different adaptations to cope with high 
temperatures and drought, the model has to be based purely on enzymatic processes, making 
the data from Jordan and Ogren (1984) ideal for this project, see Appendix 1 for data from 
their study used in this project. The data was extracted from Fig. 2 in their report. As for any 
other model, my model will rely on a set of assumptions, listed here:

• Photorespiration scales linearly with CO2 concentration.
• Differences in Rubisco kinetics between species are negligible.

All  of  the  data  points  from Jordan and Ogren (1984)  were  taken  in  CO 2 concentrations 
around 350ppm (350-355). They produced two replicates with different O2 concentration, 
one replicate in 21% O2 (which is the ambient atmospheric level) and one replicate in 50% O2 

to  saturate  the  Rubisco  with  oxygen.  I  used  the  data  to  find  the  relationship  between 
temperature  and CO2/O2 affinity  so that  this  could be used to  calculate  the slope for an 
equation describing CO2/O2 affinity in other CO2 concentrations at specific temperatures. In 
order to determine the effect that O2 has on photorespiration, I did an Analysis of Covariance 
(ANCOVA) in the statistical package GNU R (version 2.12.1) on the data from  Jordan and 
Ogren (1984), to compare treatments with 21% and 50% O2 respectively. The data points 
were plotted and fitted with a linear trend line. If we assume that the proportion of CO2 

versus  O2 assimilated  is  directly  proportional  to  atmospheric  CO2 concentration,  we  can 
calculate  the  slope  of  linear  functions  for  other  CO2 concentrations  using  Equation  1.  
Equation 1 is laid out so that C3 plants grown in lower CO2 concentrations will get a steeper 
slope and therefore perform equally well as C4 plants at lower temperatures, and the reverse 
when CO2 concentrations are high.

Slope=
(Original slope∗350)

(NewCO2 concentration)
(Equation 1)

In order  to  compare the costs  of  C4 metabolism and photorespiration,  the CO2 released 
during  photorespiration  was  counted  as  1,5  ATP  as  this  is  the  energy  required  to  re-
assimilate the CO2 into the Calvin-Benson cycle, the electrons released when the NADPH was 
consumed was counted as  3 ATP,  as  this  is  the energy they could have produced in  the 
electron transport chain (Gardeström, 2010). (see Table 1 for values used here, see Table 2 
for inferred values). 
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The point where the cost of C4 metabolism equals that of photorespiration (in Table 2) was 
calculated as:

(Point of equal costs)=
(ATP cost of C4 metabolism)

(ATP cost per photorespiration event)
(Equation 2)

Since the C4 cost is fairly low but applies to every rotation of the C4 cycle, while the cost of 
photorespiration  is  high  but  only  applies  to  situations  where  O2 is  fixed  by  Rubisco, 
Equation 2 is designed to find the proportion of times that C3 plants can photorespire and 
keep the same efficiency as C4 plants, which is the inverse of how often they need to fix CO2. 
In Equation 2 the CO2 lost was included as ATP equivalents. C4 plants were assumed never 
to  photorespire  (Cowling  and  Sykes,  1999),  or  to  photorespire  at  a  negligible  rate.  But 
according  to  Henderson  et  al.  (1995),  C4  plants  have  only  about  70%  of  the  potential 
efficiency of C3 plants due to the costs involved in C4 photosynthesis. Using Equation 2 and 
the data in Table 1, I calculated the actual C4 efficiency value as 64% of that of C3 plants, in 
Table 2. 

The results  from the model  were  then superimposed on a  map over  Europe and Africa,  
showing areas where C4 plants should be varyingly successful.  The map was constructed 
manually in Inkscape (version 0.48.1 r9760) and based on climate data from FAO (1999) and 
predicted climate change for 2060 from World Climate (2007), the CO2 concentration used 
was 350ppm (for current climate, the concentration used by Jordan and Ogren (1984)) and 
700ppm (double-CO2 scenario, for 2060).

9

Table  2:  Data  inferred  from  the  collected  raw  data.  The  relative  cost  of  
Photorespiration  was  calculated  by  counting  the CO2 released  during 
photorespiration as 1,5 ATP, as this is the energy required to re-assimilate the  
CO2 into the Calvin-Benson cycle, the electrons released when the NADPH was  
consumed was counted as 3 ATP (Gardeström, 2010).

Type of data Inferred value

Relative cost of Photorespiration (ATP) 1 + 1.5 + 3 = 5.5

Point where C3 is equally effective as C4 plants 2/5.5 = 0.36 = 36% photorespiration = CO2 is 
fixed 64% of the time.



3. Results

No relationship was found between O2 concentration and photorespiration due to the O2 

affinity  of  Rubisco  (ANCOVA,  p  =  0.2716),  however,  temperature  has  a  clear  effect 
(ANCOVA,  p=1.029e-11).  The  two  treatments  (21%  and  50%  O2)  were  therefore  treated 
equally,  regardless of O2 concentration. A linear regression, shown in  Figure 3, explained 
almost 95% of the variation in the data (Adjusted R2: 0.9498, p = 2.11e-08).

The trend line in Figure 3 is described by the equation:

y=−0.015446x+1.012084 (Equation 3)

By combining this function (Equation 3) with the equation for the slope in Equation 1, and 
rounding  all  values  to  two  decimal  points,  we  can  infer  the  function  for  any  CO2 

concentration using the following equation:

C3 efficiency [Θ]=
−5.41
[CO2]

T+1.01 (Equation 4)

10

Figure  3:  The proportion of CO2 assimilated vs O2 assimilated at different  
temperatures.  Points  shown  as  triangles  are  from  treatments  in  50%  O2,  
crosses are from treatments in 21% O2. The line is a trend line for a  linear  
regression on the data points. Figure reconstructed from Jordan and Ogren  
(1984) and fitted with a linear trend line.



where C3 efficiency [Θ] (simply Θ from now on) is the proportion of CO2 absorbed. [CO2] is 
the concentration of  CO2 in the atmosphere and T is  the average annual  temperature  in 
Celsius. -5.41 in Equation 4 is derived from multiplying the slope in Equation 3 with 350, the 
CO2 concentration used by Jordan & Ogren (1984). Figure 4 describes three functions for the 
amount of photorespiration at different temperatures and CO2 concentrations. Figure 4 has 
one line for 350ppm, which was the concentration used by Jordan and Ogren (1984), one 
line for 700ppm CO2 which is referred to as the “Double-CO2” scenario and an atmospheric 
concentration we may reach as early as 2050-2080  (Thuiller et al., 2005), along with one 
function for half CO2 (175ppm) for comparison.  Figure 4 also has a line for the cost of C4 
metabolism, demonstrating at what temperatures C4 photosynthesis is more viable than C3 
photosynthesis in different atmospheric CO2 concentrations.

The  position  of  the  C4  line  in  Figure  4 is  based  on  the  energy  cost  involved  in  C4 
metabolism, which means that C4 plants can only be about 64% as energy efficient as C3  
plants (See Table 2). As the lines in Figure 4 are not parallel, we can, by looking at the points 
where the C3 lines intersect with the C4 line, see that CO2 concentration has a large effect in 
mitigating photorespiration and that even in a future scenario with increased temperatures, 
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Figure 4: Three functions for CO2 absorption of Rubisco at different temperatures  
and CO2 concentrations. The line for 350ppm is the same as the trend line in Figure  
3.  The  functions  for  the  lines  for  175ppm  and  700ppm  were  calculated  using  
Equation 4.  The  C4 line  demonstrates  that  C4 metabolism has a  constant  yield  
independent of temperature and CO2, but at a cost. CO2 equivalents refer to the cost  
of  C4 metabolism.  Points  on  the  C3 lines  that  fall  below  the  C4 line  indicate 
environments where the CO2 concentration and temperature make the C3 pathway 
less viable than the C4 pathway, for points above the line the reverse is true.



the 700ppm line indicates that C3 plants will be more viable than C4 plants at almost all  
temperatures.

By inputting values for [CO2] and T in  Equation 4 the viability of C3 plants in a certain 
environment can be estimated. If the resulting Θ is above 0.64, C3 photosynthesis should be 
more viable than C4 photosynthesis in that environment, while the opposite is true if Θ is 
below 0.64.

Figure 5 shows two maps over Europe and Africa, constructed using Equation 4,  recorded 
climate  data  from  FAO  (1999)  and  estimated  climate  change  data  from  World  Climate 
(2007). The map on the left approximately shows the current climate, with calculations for Θ 
done with 350ppm. The map on the right takes climate change into account and attempts to 
show annual temperatures for a “double-CO2” scenario in the year 2060, calculating Θ with 
700ppm CO2. The bordered regions in the left map show areas with different known current 
abundances of C4 grasses according to Ehleringer et al. (2005). Comparing the two maps, its 
clear that C4 grasses will have less of an advantage in the future, as in the right map only the 
darkest red zone has a Θ span that comes relatively close to 0.64.
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Figure  5:  Map  over  Europe  and  Africa,  showing  areas  where  photorespiration  is  
varied. Colours indicate temperature and C3 efficiency according to the model, which  
acts as an indication to how abundant C4 plants should be. The map is based on annual  
average temperature from FAO (1999) and climate change data predicted for 2060  
from  World  Climate  (2007).  The  map on the  left  shows  approximately  the  current  
climate, calculated using 350ppm CO2, zones marked with thick lines show areas with  
60-100%  C4  abundance,  the  blue  short-dashed  line  marks  areas  with  30-60%  C4  
abundance and long-dashed lines mark areas with 0-30% C4 abundance according to  
Ehleringer et al. (2005). All C4 distribution data is courtesy of Ehleringer et al. (2005).  
The map on the right shows average annual temperatures in a “double-CO2” scenario 
in 2060, according to  World Climate (2007). Notice that the  Θ span only goes below 
0.64 in the warmest zone in the left map and in the right map, no zone does.



4. Discussion
As I mentioned in the Materials and Methods, and as for any other mathematical model, my 
model relies on a set of assumptions that may not necessarily be true in all situations:

• Photorespiration scales linearly with CO2 concentration.
• Differences in Rubisco kinetics between species are negligible.

The model described by Equation 4 also does not account for the inhibiting effect of O2 and 
can  therefore  only  be  applied  in  environments  where  the  atmospheric  O2 concentration 
remains at about 21%, which is the current ambient level.

In Figure 5, the overlap of the distribution data from Ehleringer et al. (2005) and the zones 
with a Θ below 0.64, does not perfectly comply with what the model predicts. However, since 
the  temperature  data  is  older  than  the  distribution  data,  it  is  possible  that  the  regions 
showing abundance have shifted slightly since the temperature data was recorded. It is also 
possible that regions where the model predicts high C4 abundance but the distribution does 
not support it, is due to factors other than temperature and CO2. The distribution data from 
Ehleringer et al. (2005) also only include C4 grasses, while the model is constructed using 
variables  of  relevance  to  dicots  as  well  as  monocots.  The  CO2 concentration  in  the 
atmosphere has also changed slightly since the climate data was recorded. Even though the 
overlap is not perfect, it is not completely off either, the highest proportion of C4 grasses is 
found within the area where the model predicts they should be most viable (i.e. Africa). This 
model should, however, not be used to estimate abundances of C4 plants in different regions,  
but should rather be used to determine which of the C3 and C4 pathways has the highest 
viability in a specific region. The map was thus only created as a means to test whether or not  
the model appears to be applicable to nature. Equation 4 appears to be useful in predicting 
whether or not C4 species will remain competitive in specific areas.

Looking at Figure 5, we can guess that total C4 abundances in 2060 will be quite a bit lower 
than they are today as C3 appears to receive the greatest benefit from Climate Change. The 
two darkest red areas in Africa and Southern Spain are probably the only areas where C4 
may be able to remain competitive, so we are likely to see a shift of C4 species abundance  
toward  these  areas.  However,  the  higher  water  use  efficiency  of  C4  plants  may  still  
compensate for this to some extent. This puts into question how useful the research that is  
being done to transfer C4 photosynthesis into C3 crops as a means to increase crop yield will 
be in the future. However, C4 plants also utilize micro-nutrients more efficiently than C3 
plants  (Gowik and Westhoff, 2011; Raines, 2011) which means that the research may still 
have some use to decrease the need for fertilizers and thereby also decrease eutrophication 
from agriculture.

Using  molecular  dating,  Christin  et  al.  (2008)  found  that  C4  likely  first  evolved  in  the 
Chloridoideae subfamily (in the Poaceae family) during the Oligocene. During this period, 
the climate was warmer than it is now (Andréasson, 2006), but the CO2 concentration was 
also slightly higher than currently (about 500ppm, Christin et al., 2008). Looking at Figure 
4,  we  can  see  that  for  photorespiration,  high  CO2 is  good  at  compensating  for  high 
temperature, so it is not obvious that the climate during this period gave C4 plants a clear 
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advantage over C3 plants. However, the oldest undisputed fossil of a C4 plant is only about  
12 million years old, indicating that C4 plants were initially rare (Christin et al., 2008) and 
progressively gained more of an advantage as CO2 continued to drop. Considering the latest 
climate trends, it would appear that we are moving back toward a climate similar to that of 
the Oligocene, which will likely lead to reduced fitness in C4 plants.

An  interesting  follow-up  study  would  be  to  grow  closely  related  C3  and  C4  species  in 
climatically  controlled  chambers  where  CO2 concentration  and/or  temperature  could  be 
regulated, to see how well the growth of these different plants would comply with the model. 
However, for better growth and sustainability, I believe the model developed in this report 
has potential to aid in choosing which crops to grow in different environments as the climate 
changes. I believe that it could also potentially help in increasing productivity in poorer areas 
of the world. Increased overall globally productivity is highly advantageous as we are starting 
to see shortages in resources and a need to shift toward a more sustainable way of life.
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Appendix 1 – Data from Jordan & Ogren (1984)

Temperature (C) Specificity Treatment Proportion CO2 fixed Proportion O2 fixed

5 152 21% O2; 355ppm CO2 0.99 0.01

5 157 50% O2; 350ppm CO2 1.00 0.00

7.5 152 21% O2; 355ppm CO2 0.99 0.01

11 131 21% O2; 355ppm CO2 0.85 0.15

12 120 50% O2; 355ppm CO2 0.78 0.22

15 111 21% O2; 355ppm CO2 0.72 0.28

15 118 50% O2; 350ppm CO2 0.77 0.23

17 109 21% O2; 355ppm CO2 0.71 0.29

21 100 21% O2; 355ppm CO2 0.65 0.35

22 99 50% O2; 350ppm CO2 0.65 0.35

25 85 21% O2; 355ppm CO2 0.55 0.45

26 91 50% O2; 350ppm CO2 0.59 0.41

29 75 21% O2; 355ppm CO2 0.49 0.51

30 81 50% O2; 350ppm CO2 0.53 0.47

33 75 21% O2; 355ppm CO2 0.49 0.51

35 60 21% O2; 355ppm CO2 0.39 0.61

35 75 50% O2; 350ppm CO2 0.49 0.51

38 70 50% O2; 350ppm CO2 0.46 0.54

39 61 21% O2; 350ppm CO2 0.40 0.60
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