Supplemental Appendix 1A.  Expanded detail for derivations of correction equations:  Complete derivation of equations that could be used to determine ‘exact’ soil-corrected root 13C values and root mass (i.e. a single plant type mixed with soil).  For consistency, applicable equation numbers are the same as those from manuscript text; equation numbers new to Appendix 1A are typically presented in the form [3a.1], [3a.2], etc.
Brief summary of carbon fraction mixing equation.  Carbon masses can be expressed as:
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where Mc is the total carbon mass in the root sample, Mc1 is the carbon mass of the root, and Mcs is the carbon mass of the soil.  These carbon masses also can be expressed as the product of (total mass of each component in the mixture)•(C fraction of that component).  Thus: 
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where f, f1, and fs are the respective C fractions, and M, M1, and Ms are the respective masses of the ‘total sample’, ‘root component’, and ‘soil component’ (g) in the sample mixture.  Substituting (M-M1) for Ms in eq. 3 produces:  
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Expand right side.
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Group respective M and M1 terms and factor them out.
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Rearrange.                                                                                                
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By definition:
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M and f were determined for each root sample.  The fs value, obtained from samples of root-free field soil, was determined to be 0.008335 (considered a constant in this study).  An approximation was used to determine the f1 values.  In the context of this correction procedure, f1 was set equal to the value of the shoot C fraction (f1shoot) from the same plant.  In the cases in which f was > f1shoot, the f value was typically substituted for f1.  This was done to avoid calculated M1 results with negative values.  , 1, and s are 13C levels in the carbon contained in the total sample, the plant root component, and the soil component, respectively.  Note: an underlying assumption of the mixing principle use to develop eq. 4 is that the value of fs ≤ f ≤ f1.  If this assumption is not met, the equation may calculate negative values for M1 or be unsolvable. In most such cases (e.g. f < fs due to measurement error or sample variability), the value of M1may be set to zero.   
Detailed derivation of the second basic equation.  
This is the ‘exact’ equation for the expression of the ratio (R) of 13C/12C in the sample (i.e. the 13C/12C mass fraction ratio), where the ‘C’ terms represent the masses from each of the various carbon isotope components.  
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                                                      [6a.1; similar to eq. 15 structure]

By definition, for any carbon-containing component of type ‘i’:
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where i=1 refers to the plant root and i=3 refers to soil.  We know that 12C and 13C isotopes comprise essentially 100% of the carbon mass in our samples.  Thus: 
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                                                                           [6a.3; same as eq. 17]

which applies to the plant root and soil.  Combining equations, we obtain:
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                                                                           [6a.4; same as eq. 18]

Rearranging yields an expression for the 13C mass:  
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                                                                              [6a.5; same as eq. 19]

Substituting C12i • Ri (as rearranged from eq. 6a.2) for C13i in eq. 6a.5, and rearranging, yields the equivalent expression for 12C mass:
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                                                                                [6a.6; same as eq. 20]

Substituting expressions for 13C components from eq. 6a.5 into the numerator of eq. 6a.1, and the expressions for 12C components from eq. 6a.6 into the denominator of eq. 6a.1 produces eq. 6a.7, which is an expression of the sample R value as a function of the component R values (i.e. it is a ‘mixing’ equation for the 13C/12C ratios).   
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                                 [6a.7; similar to eq. 21 structure]
Multiply both sides by denominator of right side of eq. 6a.7; expand out (M-M1) terms.
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                                               [6a.8]
Factor out common mass terms:                                                                             
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                                          [6a.9]      
Multiply both numerator and denominator by (Ri) for the fraction terms containing (1+1/Ri) term in denominator; results in similar (Ri+1) expressions in all denominators:                                                                                                         
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                                           [6a.10]                      
Group common denominators:            
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Factor out (fi) terms:
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Rearrange to produce the second, independent expression for M1:
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                       [6a.13; similar to eq. 22 structure]                      
Recall the previous independent expression for plant root mass, M1:
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[image: image22.wmf](

)

=

÷

÷

ø

ö

ç

ç

è

æ

-

-

fs

f

fs

f

M

1

 
[image: image23.wmf](

)

(

)

(

)

÷

÷

÷

÷

ø

ö

ç

ç

ç

ç

è

æ

÷

ø

ö

ç

è

æ

+

-

+

+

-

÷

ø

ö

ç

è

æ

+

-

=

1

1

1

1

1

1

1

R

R

R

f

Rs

R

Rs

fs

Rs

R

Rs

fs

M

M

[6a.14; similar to eq. 22b.2 structure]                      
To better visualize the structure of this equation for simpler manipulation, we define the following terms: 
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Cancel out M:
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Take denominator of right half side to left side and multiply out:
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Take [A*][E*] to right half side:
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                                               [6a.20]
Take R1+1 term to right half side:
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Multiply out:
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Rearrange:
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Factor out R1 on right half side:
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                                            [6a.25]

Isolate R1 on right side by moving its parenthetical statement to left half side:
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Recall that:   
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Beginning with the definition of [E*] from eq. 6a.16, the term 1-[E*], can be expressed as: 
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                       [6a.27]

Substitute the expanded [E*] term from eq. 6a.16 and the expanded 1-[E*] term from eq. 6a.27 (far right term) into eq. 6a.26 to obtain the following:
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We can cancel all of the f1-fs terms which produces:
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Recall that: 
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Thus:
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                                                            [6a.30]
Multiply top and bottom of right side by Rs+1:
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                                                   [6a.31]
Recall the general expression of R for any sample ‘i’:
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                                                                    [6a.32; same as eq. 25]

which rearranges to:
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                                            [6a.33; also a rearrangement of eq. 1]
For our particular case of a single plant root type contaminated with soil, we say: 
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                                                                                          [6a.34]
Substituting the expression for R1 from eq. 6a.31 into eq. 6a.34 yields the exact expression of the soil corrected 1 value (i.e. true 13C value for root).  Note that before solving the equation, each Ri value (i.e. Rs and R) in the right half side in eq. 6a.31 must be replaced with its appropriate 
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 term based on the corresponding values of i  (i.e. s and ).  Recalling that Rpd is a fixed constant (13C/12C ratio of the PDB standard; 0.0112372), these terms will be:
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and
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Supplemental Appendix 1B.  Expanded detail for derivations of correction equations:  Complete derivation of equations that were used to determine ‘exact’ soil-corrected root mass of C3 and C4 plants in mixture with soil (i.e. the three-component mixture).  For consistency, applicable equation numbers are the same as those from manuscript text; equation numbers new to Appendix 1B are typically presented in the form [21b.1], [21b.2], etc. 
Definitions for variable names:  f and fs are the respective C fractions, and M and Ms, are the respective masses of the ‘total sample’ and ‘soil component’ (g) in the sample mixture; and f1 and f2 are the respective C fractions, and M1 and M2 are the respective masses of the ‘C3 root component’ and ‘C4 root component’ in the sample mixture.  Similarly, , 1, , and s are 13C levels in the carbon contained in the total sample, the C3 and C4 root components, and the soil component, respectively.

We derived the expressions for M1 and M2 based on two basic equations. 

The first equation expresses the sample C fraction in terms of its component C fractions, similar to the approach used in eq. 3.  Thus:  
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Expressing Ms in terms of the other mass components: 
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Thus:
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Simplifying and rearranging yields:
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This is an independent expression for M1 based on a mixing equation for C fraction. 

The 2nd basic equation is the expression of the ratio (R) of 13C/12C in the sample (i.e. the 13C/12C mass fraction ratio):  
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By definition, for any carbon-containing component of type ‘i’:
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where i=1 refers to plant type 1, i=2 refers to plant type 2, and i=3 refers to soil.  We know that 12C and 13C isotopes comprise essentially 100% of the carbon mass in our samples.  Thus: 
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which applies to plant type 1, plant type 2, and soil.  Combining eqs. 16 and 17, we obtain:
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Rearranging eq. 18 yields an expression for the 13C mass:  


[image: image58.wmf]÷

÷

÷

÷

ø

ö

ç

ç

ç

ç

è

æ

÷

ø

ö

ç

è

æ

+

·

=

1

1

13

Ri

Mi

fi

i

C

                                                                                                     [19]

Substituting C12i • Ri (as rearranged from eq. 16) for C13i in eq. 19, and rearranging, yields the equivalent expression for 12C mass:


[image: image59.wmf]÷

ø

ö

ç

è

æ

+

·

=

1

12

Ri

Mi

fi

i

C

                                                                                                       [20]

Substituting expressions for 13C components from eq. 19 into the numerator of eq. 15, and the expressions for 12C components from eq. 20 into the denominator of eq. 15 produces eq. 21, which is an expression of the sample R value as a function of the component R values (i.e. it is a ‘mixing’ equation for the 13C/12C ratios).   
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                                         [21]

Multiply both sides by denominator of right side of eq. 21; expand out (M-M1-M2) terms:
                                                                                                                                [21b.1]

[image: image61.wmf]Rs

fsM

Rs

fsM

Rs

fsM

R

M

f

R

M

f

Rs

RfsM

Rs

RfsM

Rs

RfsM

R

M

Rf

R

M

Rf

1

1

2

1

1

1

1

1

2

1

1

2

2

1

1

1

1

1

1

2

1

1

1

1

2

2

2

1

1

1

1

+

-

+

-

+

+

+

+

+

=

+

-

+

-

+

+

+

+

+


Factor out common mass terms:                                                                             [21b.2]
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Multiply both numerator and denominator by (Ri) for the fraction terms containing the (1+1/Ri) term in the denominator; this produces similar (Ri+1) expressions in all of the denominators:                                                                                                         [21b.3]
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Group common denominators:                                                                                [21b.4]             
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Factor out (fi) terms:                                                                                                 [21b.5]                                                                                                                                  


[image: image65.wmf](

)

(

)

(

)

(

)

(

)

÷

ø

ö

ç

è

æ

+

-

+

÷

ø

ö

ç

è

æ

+

-

+

+

-

=

÷

ø

ö

ç

è

æ

+

-

+

+

-

1

1

1

2

2

2

2

1

1

1

1

1

1

Rs

R

Rs

fs

M

Rs

Rs

R

fs

R

R

R

f

M

R

R

R

f

Rs

R

Rs

fs

M


Rearrange to produce the second, independent expression for M1:
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                                   [22]

To better visualize the structure of eq. 22 for further manipulation, it can be expressed as:   
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                                                                                           [22b.1]
where [A], is the complex term in the denominator, and [B] and [C] represent the terms multiplied by ‘M2’ and ‘M’, respectively, in the numerator in eq. 22.
Recall the previous independent expression for M1 shown in eq. 14:
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To better visualize the structure of eq. 14 for further manipulation, it can be expressed as:   
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where [E] and [G] are the complex terms multiplied by M and M2, respectively, in the numerator, and [H] is the term from the denominator of eq. 14.
The two independent expressions for M1 (eqs. 22 and 14; or simplified eqs. 22b.1 and 14b.1) are set equal (we show only the simplified equations here):  
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Drop out M1 and cross multiply:  
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Group M2 and M terms:
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Solve for M2: 
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                                                                                [22b.5]
Note: Expressing the solution for M2 using this simplified format in eq. 22.5 is a useful approach to quickly and accurately enter the mathematical formulas into spreadsheets so that they can be more easily manipulated for calculations and statistical analyses.  

Expand the [A], [B], [C], [E], [G], and [H] terms in eq. 22b.5 to their original definitions from eqs. 22-22b.1 and 14-14b.1.  This yields the soil-corrected root mass of ‘plant type 2’ (i.e. C4):  
                                                                                                                                    [23]                                                                                                                 
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This equation can be rearranged by grouping common terms:                                  [23b.1]
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 to produce the following form:                                                                                  [24]  
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For any 13C/12C ratio (Ri), its 13C value (i) can be expressed relative to the value of the PDB standard (Rpd) according to the definition: 
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                                                                                               [25]

Eq. 25 expressions for the Ri values (i.e. R, R1, R2, and Rs) are generated from the i values (i.e. , and s) and the fixed constant, Rpd, as follows: 
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                                                                                              [25b.4]
Eqs. 25b.1-25b.4 are substituted into eq. 23 or 24 to produce the final result for M2, the root mass of plant type ‘2’ (C4).  

The mass of rice roots (M1) can be obtained from the same general equations (eq. 23 or eq. 24) after exchanging the fi and Ri indices for plant ‘1’ and plant ‘2’ (i.e. the original f1 and R1 values become f2 and R2, respectively; while the original f2 and R2 values become f1 and R1, respectively).  The fs and f values and the Rs and R values are left unchanged.  This maneuver ‘temporarily’ redefines plant ‘1’ as plant ‘2’ and vice versa, which facilitates the calculation of the root mass of the other species (M1).  This is valid because the initial numerical designations for plant ‘1’ and plant ‘2’ were arbitrarily assigned in the first place.  Soil mass (Ms) was calculated as before using eq. 11.  
We have observed that some input values can result in slightly negative values for M1 or M2 as calculated by eqs. 23 and 24.  When calculated M1 or M2 values go negative, the problem is most likely caused by mis-estimations of the true values of δ1 or δ2 obtained for monoculture plant standards.  Measurement errors of any kind may also contribute to this problem.  In the context of the plant and soil values typical of our studies (e.g. δs ~ -21‰, δ1~ -28‰, and δ2 ~ -14‰), an example of this phenomenon could occur if the δ1 value for the rice standard was set at -28‰, and the δ value for a root sample (potentially containing rice, C4 barnyardgrass, and soil) was -29.5‰.  This is a biological ‘impossibility’ because the sample mixture value cannot be more negative than all of its components.  This condition would typically result in a negative calculated M2 value for C4 roots.  The problem can usually be artificially remedied by setting δ1= δ for that sample only, which should result in a calculated M2 value of approximately zero.  Similarly, if the sample δ is larger (less negative) than the δ2 of the C4 standard (e.g. -12.5‰ vs. -14‰), the calculated M1 value for rice roots will probably be negative. The artificial remedy is analogous to that described above (set δ2= δ for that sample only).   
Negative values for soil mass (Ms) can be calculated in some situations (eq. 11).  These errors are most likely caused by mis-estimation of one or both of the true carbon fraction values of f1 or f2 used for standards.  Recall that we typically estimate the root f1 and f2 values from shoot values, so they are subject to considerable uncertainty.    Because of the dilution effect of soil (fs will nearly always be << both f1 and f2), we expect the f value to be ≤ the larger of the f1 and f2 values when soil contamination is present.  Our estimated values for f1 or f2 of monoculture standards violate this expectation if both of them are <f (sample C fraction).  This results in negative calculated values for Ms, and can usually be artificially remedied by setting one or both of the f1 or f2 values = f for that sample only.  
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Supplemental Appendix 1C.  Expanded detail for derivations of correction equations:  Derivation of a simplified and useful approximation of the ‘exact' expression of soil-corrected root mass of C3 and C4 plants (from Appendix 1B) based on a simple mixing model for 13C values.  For consistency, applicable equation numbers are the same as those from manuscript text and elsewhere in this appendix; equation numbers new to Appendix 1C are typically presented in the form [14c.1], [14c.2], etc. 
All definitions for variables are as indicated in Appendix 1B.
The first independent expression for M1 is based on a simple mixing equation for C fraction as derived previously for eq. 14 in Appendix 1B.   
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                                                                           [14]   

The second expression for M1 is derived beginning with a mixing equation based on the simple component 13C (i) and carbon mass values.    Note: this is in contrast to the derivation of the exact expressions from Appendix 1B, which incorporated the actual isotope ratios (eqs. 15-25b.4).  Thus, the 13C of the sample (1) can be expressed as the mean of its component i values (1, 2, and s) weighted by the respective carbon masses.
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                                                                               [14c.1]
Where Mc is the total carbon mass in the root sample, Mc1 is the carbon mass of the rice root, Mc2 is the carbon mass of C4 weed root, and Mcs is the carbon mass of the soil (analogous to eq. 2 in manuscript text).  Analogous to eq. 3 in the manuscript text, carbon masses can also be expressed as the product of (total mass of each component in the mixture)•(C fraction of that component).  Thus, eq. 14c.1 can also be expressed as:
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                                                   [14c.2]
Move denominator on right side to left side; group terms on right side.
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This rearranges to:
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                                                             [14c.4]

Factor out M term and rearrange:
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                                                               [14c.5]

This is second independent expression for M1 and is based on an approximation.  Set eq. 14 and eq. 14c.5 equal to one another and remove M1.
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             [14c.6]

To simplify visualization of the steps below, we define the following terms. 
Denominator of eq. 14:                   f1-fs ≡ D1                                                           [14c.7]

Denominator of eq. 14c.5:    (1f1-sfs) ≡ D2                                                           [14c.8]

Cross multiply the denominators of eq. 14c.6 to obtain:
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           [14c.9]

Group M and M2 terms.   
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                [14c.10]      
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                                                           [14c.11]

Substitute original terms for D1 and D2 (eqs. 14c.7 and 14c.8, respectively).
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This expression is less accurate than the exact expressions for M2 (C4 root mass) shown in eqs. 23 and 24, but should yield close approximations for most data inputs.  

Similar to the approach taken in Appendix 1B and in the text of the manuscript, the mass of rice roots (M1) can be obtained from the same general equation (eq. 14c.12) after exchanging the fi and i indices for plant ‘1’ and plant ‘2’ (i.e. the original f1 and 1 values become f2 and 2, respectively; while the original f2 and 2 values become f1 and 1, respectively).  The fs and f values and the s and  values are left unchanged.  Soil mass (Ms) was calculated as before using eq. 11.  
Potential Approximations for Terms in Eq. 6a.7 (note its similar structure to eq. 21) or Eq. 25.


Approximations for some terms in these equations may be useful and appropriate under certain conditions.  


In the top half of eq. 6a.7, the repeating term


 � EMBED Equation.3  ���  if Ri <<< 1.                                                                                   [approx. 1]


In the bottom half of eq. 6a.7, the repeating term 


� EMBED Equation.3  ���  if Ri <<< 1.                                                                                        [approx. 2]


From [approx. 2], we know that � EMBED Equation.3  ���, and can use this logic to create a similar approximation involving i in equations of the following form: 


� EMBED Equation.3  ���  [eq. 25 from Materials and Methods of published manuscript] 


when the ratio � EMBED Equation.3  ��� is <<<1 (i.e. we are considering � EMBED Equation.3  ���to be ‘equivalent’ to the Ri term in the approximation � EMBED Equation.3  ���).  Thus, considering the term,� EMBED Equation.3  ���, from right side of eq. 25, we can say that its reciprocal is the following, which reveals the resulting approximation:


� EMBED Equation.3  ���                 [approx. 3]


We did not use these approximations in the present derivation so that we could obtain the exact expression of the correction equation, and so that the calculated values obtained would be accurate and robust over a very large range of input values.  When [approx. 1, 2, and 3] are incorporated into eq. 6a.7, it can be simplified to eq. 6 (from Materials and Methods section of published paper) which was used to express the value for  based on a 13C mixing equation for carbon mass inputs (derivation steps not shown):  


� EMBED Equation.3  ���  � EMBED Equation.3  ���                             [6]     











Potential Approximations for Terms in Eqs. 21, 22, 23, 24, and 25. (Note the similarity in structure between eq. 21 and eq. 6a.7).


Approximations for some terms in these equations may be useful and appropriate under certain conditions.  


In the top half of eq. 21, the repeating term


 � EMBED Equation.3  ���  if Ri <<< 1.                                                                                   [approx. 1]


In the bottom half of eq. 21, and throughout eqs. 22, 23, and 24, the repeating term 


� EMBED Equation.3  ���  if Ri <<< 1.                                                                                        [approx. 2]


From [approx. 2], we know that � EMBED Equation.3  ���, and can use this logic to create a similar approximation involving i in equations of the following form: 


� EMBED Equation.3  ���  [eq. 25 from Materials and Methods of published manuscript] 


when the ratio � EMBED Equation.3  ��� is <<<1 (i.e. we are considering � EMBED Equation.3  ���to be ‘equivalent’ to the Ri term in the approximation � EMBED Equation.3  ���).  Thus, considering the term,� EMBED Equation.3  ���, from right side of eq. 25, we can say that its reciprocal is:


� EMBED Equation.3  ���                 [approx. 3]


We did not use these approximations in the present derivation so that we could obtain the exact expression of the correction equation, and so that the calculated values obtained would be accurate and robust over a very large range of input values.  When [approx. 1, 2, and 3] are incorporated into eq. 21, it can be simplified to:


� EMBED Equation.3  ���                                  [21b.001]


which is a less precise expression of the value for  based on a (13C mixing equation for carbon mass inputs (not presented in manuscript; derivation steps not shown; note similar structure to eq. 6 in Materials and Methods of published manuscript).  


                           











Example Approximation That Could be Applied to Equation 24. 


The term,� EMBED Equation.3  ���, which is multiplied by all of the ‘fraction’ terms in eqs. 22, 23, and 24, can be approximated as:    


� EMBED Equation.3  ���  if Ri <<< 1.                                                                         [approx. 2]


Applying this procedure to eq. 24 below,  


                                                                                                                                  [24]


� EMBED Equation.3  ���





would simplify it to the following approximation:                                                    [24b.1]                                                                                                                                                                                                         


� EMBED Equation.3  ���In the present derivation, however, we did not use this simplification so that we would obtain an exact expression of the correction equation.  Thus, our calculations should be accurate and robust over a very large range of input values, and potentially extendable to other stable isotope pairs in addition to 13C and 12C.
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