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Abstract 

 To model plant growth, ecologists have integrated metabolism into allometric equations, 

most notoriously known in the West Brown Enquist model, which is an extension of the all-

inclusive Metabolic Scaling Theory (MST) (West et al. 1999). This formula takes form of the 

power function �̇� = 𝛽𝑀𝜃, where β is the allometric normalization constant, M is total biomass, 

θ is a scaling exponent, and �̇� is the metabolic and thus growth rate of the organism. Kleiber’s 

law assumes that M should scale to the ¾ power, and the WBE model supports this claim. To test 

this, we measured the growth rate of 64 trees on Mount Bigelow, Arizona and showed that �̇� 

scales in proportion to M. While there are many external factors that influence plant growth, we 

focused on modeling two types of functional traits: leaf-based and hydraulic-based. Our results 

show that the theoretical �̇� from both equations are significantly different than 1, and we 

conclude that the WBE model may not include all variables relating to plant growth. 
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Introduction 

 One of the most significant aspects of understanding ecology is the fundamental principle 

of metabolism, which is the transformation of energy into materials within an organism. 

Metabolism helps describe the speed, duration, and magnitude of growth on a micro and macro 

scale, and can help relate resource allocation and use to how organisms respond to their 

environment. While all forms of life experience metabolism, it is especially important to study 

the causes and effects on plants. Plants are responsible for providing oxygen, reducing carbon 

dioxide emissions, and are the core of our diet, which makes it imperative to comprehend how 

the environment and internal factors influence plant growth.  



 Studying plant metabolism is not a new concept in the field of ecology; research has been 

performed on this topic for more than a century, and it is with this basic knowledge that we know 

metabolic rates depend on three primary factors: body size, temperature, and availability of 

material resources (Sibly et al. 2012). These factors can be related in the form of a power 

function equation: 

𝑌1 =  𝛽𝑌2
𝛼           Eq. 1 

where Y1 is the output variable, Y2 is the variable measuring size, and β and α are parameters 

describing the functional relation between Y1 and Y2 with respect to temperature and resources 

(Niklas 1994). Because metabolic rates influence the size of an organism, Equation 1 is often 

referred to as an allometric equation, which basically describes how relative growth scales in 

relation to body size. The correlation between Y1 and Y2 determines how well one variant can be 

predicted from another. For the purposes of this analysis, the scaling exponent predicted by 

geometric similitude (objects sharing the same geometry) given by an allometric relation 

between Y1 and Y2 will be treated as the null hypothesis. Allometry indicates that Y1 should vary 

in direct proportion to Y2 unless Y1 and Y2 do not share the same units; thus α≠1 and Y1 and Y2 are 

not linearly related.  

 The factor of metabolic rate we are most interested in studying is total biomass, or 

organic weight, of an organism. Trees are an exceptional specimen to study as they are long-

lived, stable, and help us understand the limits of allometric scaling as trees are some of the 

largest organisms in the world. Allometric equations are a valuable tool as they allow researchers 

to evaluate growth and body size without having to cut trees down.  Instead, all that is needed is 

the diameter at breast height, and biomass can be calculated from there (see the Theory section.) 



Once biomass is collected, we can use Equation 1 to figure out the metabolic rate of the plant, as 

Y2 relates to biomass (kg) and Y1 relates to the growth rate (kg/day).  

 The coefficient β is a normalization constant that helps relate resources to body size. 

While there are many factors that are involved, this paper will focus on two main concepts: leaf-

based functional traits and hydraulic-based functional traits. Leaf-based traits rely on what is 

known as relative growth rate (RGR) which is a measure used to quantify the speed of plant 

growth (g biomass/g biomass/ day). In summary, RGR explains that plant respiration scales with 

total biomass, but photosynthesis scales with photosynthetic (leaf) biomass (Paine et al. 2012). It 

is defined as the product of leaf net carbon assimilation rate (NAR), which is the measurement of 

grams in carbon assimilated per cm2 of leaf per day, and the specific leaf area (SLA), which is the 

leaf area per unit leaf mass (Enquist et. al 2007). We can use these variables as the normalization 

constant β and plug them into Equation 1 to relate leaf biomass (Y2) to the growth rate of the 

plant (Y1) (see Equation 10).  

 The second concept used for the normalization concept is hydraulic-based traits. During 

photosynthesis, the stomata are open to assimilate carbon in leaves, but water is lost as 

evaporation in the leaves, known as transpiration, draws water from the roots through the stems 

and out the leaves. Long-distance water flow occurs through the vessels and tracheids of the 

xylem, which is the transport tissue inside plants (Tyree and Ewers 1991).  The water transported 

by a stem depends on both the hydraulic conductivity of individual conducting elements and the 

total quantity of conducting tissue, which is the sapwood measured in area (Chapin III et al. 

2011). Hydraulic conductivity is the measurement of how effectively fluids are transported 

through the sapwood, and we can evaluate this with water use efficiency, which takes into 

account the amount of water that is used to the amount of carbon that is assimilated. The total 



quantity can be measured by the sap flux density which takes into account the mass of water 

flow along a concentration gradient. We can substitute these variables for leaf-based traits into 

the previous equation to see how hydraulic-traits relate to the growth rate (see Equation 13). 

 These equations will measure a theoretical value of growth rate. To test their validity, we 

measured the growth rate of 64 individual trees on Mount Bigelow, Arizona over a 6 month 

period and ran a regression to compare the observed growth rate to the theoretical growth rate. 

While the leaf-traits equation has been shown to accurately relate M to �̇� in Enquist et al. 2007, 

we believe that both the leaf-trait and hydraulic-trait equations will provide growth rates that are 

not significantly different from the observed growth rate.  

 

Theory 

The basis of the Metabolic Scaling Theory (MST) relies on an allometric scale, which 

relates to Equation 1. To start with our analyses, we will need to relate diameter at breast height 

(DBH) to biomass in the equation 

𝑀 = 𝛽𝑎𝐷𝐵𝐻𝛽𝑏          Eq. 2 

where M  is total biomass (kg), and βa (kg/cm) and βb (dimensionless) are allometric scaling 

parameters, and DBH is measured in cm (Ducey 2009).  

 With M calculated, we were able to compute the growth rate of the trees over time with 

units of kg/day, given by dM/dt or �̇�. We will start with the basic equation 

𝑌 = 𝑌0𝑀𝛼           Eq. 3 

where Y0 is a normalization constant (kg1-α), M pertains to whole-plant net biomass (kg), α is an 

allometric exponent with no dimensions, and Y is the output variable, in this case total biomass 

(kg) (Huxley 1932). However, Y can also stand for �̇�, which can be seen in the equation: 



𝑑𝑀

𝑑𝑡
=  �̇� =  𝛽𝑀𝜃         Eq. 4 

M again is biomass (kg) and β is an allometric constant given by day-1. Equation 4 will be the 

basis for forming 2 main equations which will relate leaf traits and hydraulic traits to plant 

growth. 

The first of these equations can combine with the theory that describes plant relative 

growth rate (RGR), which details the central postulation that plant growth is directly proportional 

to leaf area (m2) and thus leaf biomass ML (kg), assuming that carbon assimilation per unit leaf 

mass is constant (Sibly et al. 2012). Putting this idea with Equation 4 gives 

�̇� = 𝛽𝑇𝑀𝐿           Eq. 5 

where βT is an allometric normalization constant governed by additional functional traits and 

plant size, and is the net biomass produced per unit leaf, given by day-1. 𝛽𝑇 can be further 

expressed by taking into account two important traits that influence RGR: 1) leaf net carbon 

assimilation rate, NAR, or the carbon gain per unit area of leaf; and 2) specific leaf area, SLA, and 

can be seen as: 

𝛽𝑇 = 𝑁𝐴𝑅 ∗ 𝑆𝐿𝐴 =   
𝑐

𝑓
�̇�𝐿*

𝑎𝐿

𝑚𝐿
        Eq. 6 

 SLA is given by the leaf area (aL) per unit mass (mL), or (
m2

kg
). NAR is determined by 

𝑐

𝜔
�̇�𝐿, where 

c is the carbon assimilation use efficiency (Net Primary Production/ Global Primary Production), 

or 
kg C

kg C
,  f is the fraction of whole-plant mass that is carbon (kg C/ kg biomass of plant), and �̇�𝐿 is 

the leaf-area-specific photosynthetic rate (
kg C

m2∗day
 ). By combining Equations 5 and 6, we get 

�̇� = 𝛽𝑇𝑀𝐿 = 𝑁𝐴𝑅 ∗ 𝑆𝐿𝐴 ∗ 𝑀𝐿 = (
𝑐

𝑓
�̇�𝐿) (

𝑎𝐿

𝑚𝐿
) 𝑀𝐿      Eq. 7 



where �̇� is equal to kg/day. The West Brown Enquist (WBE) model further relates the previous 

equation with allometric scaling and states that ML scales with whole-plant mass as  

𝑀𝐿 = 𝛽𝐿𝑀𝜃𝐿           Eq. 8 

where θL is a scaling power exponent with no dimensions and βL is a normalization constant with 

units of kg1−θL(West et al. 1999). Combining Equations 7 and 8 therefore creates: 

�̇� = (
𝑐

𝑓
�̇�𝐿) (

𝑎𝐿

𝑚𝐿
) 𝛽𝐿𝑀𝜃𝐿         Eq. 9 

Yet one more variable needs to be added to this equation. Recall that this formula works 

when carbon assimilation rate is constant. Plants only take in carbon when they are exposed to 

sunlight, so we need to add a fraction of hours of sunlight over hours per day, designated by τs. 

This converts Equation 9 into: 

�̇� = (
𝑐

𝑓
�̇�𝐿) (

𝑎𝐿

𝑚𝐿
) 𝜏𝑠𝛽𝐿𝑀𝜃𝐿         Eq. 10  

To link variation in climate with plant growth, we evaluated a new extension of MST that 

characterizes climate constraints as xylem sap flux. We measured these variables by creating an 

equation that focuses purely on hydraulic traits that acts as an expansion to Equation 4 in a 

similar format as Equation 10.  Since water moves through the sapwood cross-sectional area of a 

tree, we decided that the constants should be based on this trait instead of leaves, which 

transforms Equation 4 into 

�̇� = 𝛽𝑇𝑀𝜃𝑆           Eq. 11 

where �̇� is the growth rate (kg/day),  βT
 is an allometric constant relating all hydraulic traits and 

sapwood function to plant growth (day-1), and θS is a scaling exponent with no dimensions that 

relates sapwood to plant growth. However, βT can be split into two variables: βA, which is 

specific to just hydraulic traits, and βS, which is a constant to relate biomass to sapwood area. 



Here, the function 𝛽𝑆𝑀𝜃𝑆  is equal to the sapwood area of a tree (m2), and can be further broken 

down to show βs, an allometric constant for sapwood with units of 
m2

kg𝜃𝑠
, and M is biomass with 

units of kg. Assuming that �̇� has units of kg/day, this means that βA, the allometric constant 

governed by hydraulic traits, must have units of 
kg biomass

m2∗day
 to balance out the equation. 

 To find the units of βA, we substituted leaf-area-specific photosynthetic rate in Equation 

6 with water use efficiency w, which is given by kg C/ kg H2O, and sap flux density Js, which is 

given by 
kg H2O

m2∗day
. The water use efficiency shows how much water is being used per carbon 

intake, which relates to the photosynthetic rate of the plant. Sap flux density is the hydraulic flow 

of water along a concentration gradient over time. We retain the variables c and f to show the 

amount of carbon the tree is utilizing in photosynthesis compared to the fraction of carbon that 

the tree is composed of. We do not need to add τs as temporal changes in the radial profile of sap 

flux density do not significantly affect daily sums of sap flow (Ford et al. 2004).  Plugging in 

these variables into βA creates: 

𝛽𝐴 = (
𝑐

𝑓
𝑤) 𝐽𝑠           Eq. 12 

By combining Equations 11 and 12 we get: 

�̇� = (
𝑐

𝑓
𝑤) 𝐽𝑠𝛽𝑠𝑀𝜃𝑠          Eq. 13 

 

 

 

 

 



Table 1: Model Parameters and their definitions 
Parameter Definition Unit Source 

DBH Diameter at breast height/ 1.3 meters cm Empirical data 

M Whole-plant net biomass kg biomass Chojnacky et al. 2014 

�̇� Growth Rate kg biomass/day Empirical data 

β General allometric normalization constant day-1 Empirical data 

βT Allometric normalization constant for all traits day-1 ——— 

βA Allometric normalization constant for hydraulic 

traits 

kg biomass

m2 ∗ day
 

——— 

θ General scaling exponent dimensionless Empirical data 

RGR Relative growth rate, NAR* SLA kg biomass

kg biomass ∗ day
 

Multiple; see NAR and 

SLA 

NAR Leaf net carbon assimilation rate, 
𝑐

𝑓
𝐴�̇� kg biomass

m2 ∗ day
 

Multiple; see c, f and �̇�𝐿 

c Carbon use efficiency kg C/ kg C Gifford 2003 

f Fraction of plant mass that is carbon kg C

 kg biomass
 

Enquist et al. 2007 

𝐴�̇� Area-specific carbon assimilation rate kg C

m2 ∗ day
 

Enquist et al. 2007 

ML Total foliage biomass kg biomass ——— 

SLA Specific leaf area, 
𝑎𝐿

𝑚𝐿
 m2/ kg biomass Enquist empirical data 

aL Leaf area m2 Enquist empirical data 

mL Leaf mass kg biomass Enquist empirical data 

τs Fraction of sunlight hours per day hours/ hours climatemps.com 

βL Allometric normalization of leaf-mass fraction 𝑘𝑔1−𝜃𝐿  Gholz et al. 1979 

θL Scaling exponent for leaf mass dimensionless Gholz et al. 1979 

SA Sapwood area m2 ——— 

w Water use efficiency kg C/ kg H2O 1. Monson and Grant 1989 

(Pinus species) 

2. Ponton et al. 2006 (P. 

menziesii) 

Js Sap flux density kg 𝐻2𝑂

m2 ∗ day
 

Barron-Gafford 

empirical data 

βs Allometric normalization of sapwood-mass 

fraction 

𝑚2

𝑘𝑔𝜃𝑠
 

Meinzer et al. 2001 

θs Scaling exponent for sapwood area dimensionless Meinzer et al. 2001 



Methods 

To collect empirical data, dendrometers were constructed in order to measure changes in 

tree circumference. The dendrometers were made from thin, aluminum sheets that were roughly 

2 cm wide and length was measured individually for the specific tree they were being used for. A 

hole puncher was used to create a place holder for a spring, which allowed the dendrometer to be 

elastic with fluctuations in tree circumference. Each dendrometer had a small notch on the 

underside that a caliper could measure, and the notch length could expand or shrink based on the 

circumference fluctuations.  

Sixty-four dendrometers were created for trees in the five “Gentry plots” located at 

Mount Bigelow in Coronado National Forest, Arizona. The trees had to be within the specific 

transects at the study site, with diameters that were greater than 10 cm but less than 50 cm. The 

dendrometers were placed on the trees at breast height (1.3 meters) on May 21, 2014. At this 

date, the initial diameter at breast height (DBH) was measured and acted as a standard for future 

measurements. On a weekly basis, a team of researchers measured the gap in the dendrometers 

by using a digital caliper and recorded the distance in millimeters (see figure 1). Measurements 

were taken from June 1, 2014 to December 6, 2014.  The species that were measured are Pinus 

arizonica, Pinus strobiformis, and Pseudotsuga menziesii.  

 

 

Figure 1: Measuring changes in tree 

circumference with a digital caliper. 



 After the distance in the gaps were measured, they were converted into diameter (cm) and 

biomass (kg). We were then able to compute the growth rate of the trees over time, given by 

dM/dt or �̇�. The unit of time for this analysis is days. For each tree, we extracted the slope of M 

over time (days) throughout the six month period the dendrometers were measured to get the 

growth rate. Equation 4 relates M to �̇� by incorporating an allometric normalization constant, β, 

and a scaling exponent, θ. To assess this theory to our empirical data, we needed to use a model 

that would give us β and θ. By taking the logs of equation 4 we get  

log (�̇�) = 𝛽 + 𝜃𝑙𝑜𝑔(𝑀)          Eq. 14 

which is in the same format as the slope function y=mx+b. By graphing log(�̇�) against log(M), 

the slope becomes θ and the intercept is β, and the results can be seen in Figure 2. Furthermore, 

the allometric exponent has been defined in Kleiber’s law, which states that an organism’s 

metabolic rate scales to the ¾ power (Kleiber 1932). By putting together Kleiber’s Law with 

equation 4, we actually provide the Metabolic Scaling Theory (MTS) which is given as: 

�̇� = 𝛽𝑀3/4           Eq. 15 

We also conducted a 95% confidence interval about the slope to see if the value of ¾ is included 

and therefore verify Metabolic Scaling Theory.  

 We can increase the accuracy of this theory by expanding the allometric constant to 

include functional traits that define leaf characteristics. This theory is explained by Equation 11, 

which relates key leaf functional traits, M, and the scaling exponent θL to �̇�. Refer to Table 1 for 

sources of the variables utilized, but aL and mL were both collected in the Enquist lab. To collect 

leaf mass mL, leaves collected from trees on Mount Bigelow were stored in a cooler for 3 days at 

60°C and then measured with a weighing scale in kg. To measure leaf area aL, the leaves were 

placed in a scanner and the program ImageJ was used to transform the image into pixels, which 



were counted and converted into meters squared. To test the validity of these traits, we graphed 

the observed �̇� used in Figure 2 against the theoretical �̇� calculated from Equation 11. Instead 

of comparing the slope to ¾, we will be comparing the slope to 1 and intercept to 0, which would 

imply that the theoretical �̇� matches the observed �̇�. A 95% confidence interval will be used to 

test if the calculated slope is significantly different from 1. Results can be seen in Figure 3. 

Additionally, we can repeat the same process to describe plant growth with hydraulic traits, 

which is described in Equation 13. Sap flow measurements were provided by Dr. Greg Barron-

Gafford and his sap flux towers on Mount Lemmon, Arizona. Thermodynamically-based devices 

utilized heat as a way to quantify the rate at which sap (water) passed through the xylem tissue of 

a plant. Measurements were taken 48 times per day over the course of the year. Again, we will be 

comparing the slope of theoretical �̇� and observed �̇� to 1 and the intercept to 0, and this will be 

evaluated with a 95% confidence interval. Results can be seen in Figure 4. 

 

Results 

 First we wanted to see how the scaling exponent θ related to the expected power of ¾ 

described by Kleiber’s law. Figure 2 shows the results of observed �̇� against the observed M on 

a log scale for all trees. The intercept in Figure 2 is -4.9026 which relates to β in Equation 14 and 

the slope is equal to 1.1332 which relates to θ. The 95% confidence interval for the slope is 

0.821- 1.446. Since the confidence interval does not include 0.75, we cannot say that Kleiber’s 

Law fully supports the observed growth. Implications of this will be discussed in the next 

section. 

We then wanted to see how leaf traits influence the accuracy of theoretical models 

predicting plant growth. After plugging in values gathered from various sources (see Table 1) 



into Equation 11 as well as our observed M, we calculated a theoretical value of �̇�. Since we are 

comparing the effectiveness of the theoretical value modeling the empirical value of growth rate, 

we added an additional 1:1 slope (seen in red) to show how similar or different the theoretical 

value is to the empirical growth rate. As we can see, the slope in Figure 3 is 9.62, and by 

performing a regression to test if this value is significantly different from 1, we found a p-value 

of 6.13e-09. Since the p-value is less than 0.05, we say that the slope is indeed significantly 

different than 1. The 95% confidence interval for this regression is 7.06- 12.18, which does not 

include 1.  

 

 

 
Figure 2: Log(Growth Rate(kg/day)) vs Log(Total Biomass (kg)) 

 

 

y= 1.1332x- 4.9026 



 
Figure 3: Theoretical Growth Rate based on Leaf Traits (kg/day) vs Observed Growth Rate (kg/day) 

 

Figure 4: Theoretical Growth Rate based on Hydraulic Traits (kg/day) vs Observed Growth Rate (kg/day) 

 

y= 9.62x +0.14 

y= 0.525x+0.0088 

y= x 

y= x 



 

 We repeated this process with hydraulic traits; by plugging in values from our sources 

into Equation 13 (from Table 1) as well as our observed M, we calculated a theoretical value of 

�̇�. The theoretical �̇� was plotted against the observed �̇�, and a 1:1 scaled line was added for 

comparison, which can be seen in Figure 4. The slope of this graph is 0.525, and when a 

regression is performed to test if this value is significantly different from 1, we found a p-value 

of 0.000653. Since the p-value is less than 0.05, we say that the slope is indeed significantly 

different than 1. The 95% confidence interval for this regression is 0.261- 0.789, which does not 

include 1.   

 

Discussion 

  The objective of this analysis was to see if the observed growth rate on Mount Bigelow 

could be predicted by Kleiber’s Law, leaf-based functional traits, and hydraulic-based functional 

traits.   As seen in Figure 2, the slope and therefore θ is equal to 1.1332, but its 95% confidence 

interval does not include the value of ¾, as predicted by Kleiber’s Law. However, this 

discrepancy might be explained by isometric scaling rather than allometric scaling. As 

previously stated, M scales directly with plant respiration (R), and it also scales directly with 

total N content; both of which are not explained by the WBE model. Nitrogen is crucial for 

plants as it is a chief component of enzymes in tissues, and perennial plants absorb roughly of the 

assimilated nitrogen in the leaves before shedding, which is a sizable fraction of the mass. 

Respiration is critical to incorporate as it is a function of ion fluxes and protein turnover; as 

metabolic activity increases, both ion movement and protein turnover are intensified, which is 

consistent with an increase in θ (Amthor 1984). Reich et al. 2006 results showed that M scales 



with an exponent closer to 1.0 than 0.75, which indicates that there might not be a universal, 

fixed scaling model of respiration against size in plants. Furthermore, the authors explain that θ 

is approximately 1.1 for plants that range from 50 to 500 kg in mass (Reich et al. 2007), which is 

the category of plants used in this analysis. Additionally, Muller-Landau et al. 2006 tested MST 

to see if �̇�scales with D1/3 and M3/4, and found that over half of their sites had qualitatively 

similar but significantly different exponents for growth rate. Revaluating the 95% confidence 

interval from our empirical data includes both 1.0 and 1.1, which may explain the deviation from 

0.75. 

 As for the functional traits equations, there are a few factors that might contribute to the 

theoretical �̇�not matching with the observed �̇�, and Wright et al. 2010 mentions 4 main 

postulations for this inconsistency.  First of all, the photosynthetic, and thus metabolic rate, 

might be different for large and small plants; interspecific variation in light availability is 

potentially greater for saplings than large trees, which may make the trade-off between mean 

growth and mortality more evident in small trees than larger trees. Secondly, functional traits 

might influence demographic rates at different life stages or are involved with multiple tradeoffs, 

thus altering the significance they may or may not play in allometric equations. Thirdly, wood 

density is negatively correlated with �̇�; greater wood density in larger trees leads to lower xylem 

conductance and hence lower photosynthetic potentials. Finally, traits such as SLA, seed mass, 

and maximal heights decrease in significance as tree M increases. With these in mind, the 

variables used in Equations 11 and 13 might not contain relative functional traits that relate to 

large tree size, which may underestimate (Figure 4) or overestimate (Figure 3) the predicted �̇�. 

 There are a few errors that may have influenced both equations as well. Primarily, the 

conversion from diameter to biomass in the leaf and sapwood allometries may alter the 



propagation of βL, βS, θL, and θS, respectively. While the units of m2 are accounted for in the 

sapwood allometry, the units of leaf biomass are reported to be in kg in the Gholz et al. paper, so 

we did not alter βL. Furthermore, several variables are not species-specific and rely on averages 

for gymnosperms, which is the categorical type for each of the subject species. This error may 

constitute in differences for c, f, w, and 𝐴𝐿
̇ . The sap flow data was based on individual trees 

rather than a collection of individuals within the same species, and sap flow may differ among 

individuals, thus altering the accuracy when applying the sap flux density of trees with varying 

sapwood areas.  

 Future projects may work on combining the leaf and hydraulic traits to see if all of these 

factors play together in manipulating the growth rate. It would also be wise to collect 

dendrometer and sap flux data from angiosperms as well, seeing that the species used in this 

analysis were all gymnosperms, and these two categories of plants, while different in structure, 

should both relate to MTS in the same way. It would also be beneficial to add traits for 

respiration and nitrogen concentration as it is evident they play a crucial role in plant growth 

(Reich et al. 2006; Amthor 1984).  While the WBE model has made prodigious strides in 

creating a general model for plant growth of all species, it seems that there are still missing 

variables to consider before calling this theory all-encompassing.  



References 

Amthor, J. S. (1984). The role of maintenance respiration in plant growth. Plant, Cell & 

Environment, vol. 7, p. 561–569 

Bentley, Lisa Patrick, James C. Stegen, Van M. Savage, Duncan D. Smith, Erica I. Allmen, John 

S. Sperry, Peter B. Reich, and Brian J. Enquist (2013). An empirical assessment of tree 

branching networks and implications for plant allometric scaling models. Ecology letters, 

vol. 16, no. 8, p. 1069-1078. 

Chapin III, F. S., Matson, P. A., & Vitousek, P. (2011). Principles of terrestrial ecosystem 

ecology. Springer Science & Business Media. 

Chojnacky, D. C., Heath, L. S., & Jenkins, J. C. (2014). Updated generalized biomass equations 

for North American tree species. Forestry, vol. 87, Issue 1, p. 129-151. 

Ducey, Mark J. (2009). Sampling trees with probability nearly proportional to biomass. Forest 

Ecology and Management, vol. 258, Issue 9, p. 2110-2116.  

Enquist, B. J., Kerkhoff, A. J., Stark, S. C., Swenson, N. G., McCarthy, M. C., & Price, C. A. 

(2007). A general integrative model for scaling plant growth, carbon flux, and functional trait 

spectra. Nature, vol. 449, Issue 7159, p. 218-222. 

Ford, C.F., C.E. Goranson, R.J. Mitchell, R.E. Will and R.O. Teskey. 2004. Diurnal and seasonal 

variability in the radial distribution of sap flow: predicting total stem flow in Pinus taeda trees. 

Tree Physiol. vol. 24, p. 941-950. 

Gholz, H. L., Grier, C. C., Campbell, A. G., & Brown, A. T. (1979). Equations for estimating 

biomass and leaf area of plants in the Pacific Northwest. Corvallis: Forest Research Lab., Oregon 

State University, School of Forestry. 

Huxley, J. S. 1932. Problems of relative growth. Methuen, London, UK. 

Kleiber, M. 1932. Body size and metabolism. Hilgardia 6: 315-332. 

Meinzer, Frederick C.; Clearwater, Michael J.; Goldstein, Guillermo (2001). Water transport in 

trees: current perspectives, new insights and some controversies. Environmental and 

Experimental Botany, vol. 45, Issue 3, p. 239-262. 

Monson, Russell K. and Grant, Michael C. (1989). Experimental Studies of Ponderosa Pine. III. 

Differences in Photosynthesis, Stomatal Conductance, and Water-Use Efficiency Between Two 

Genetic Lines. American Journal of Botany, vol. 76, No. 7, p. 1041-1047. 

Muller‐Landau, H. C., Condit, R. S., Chave, J., Thomas, S. C., Bohlman, S. A., Bunyavejchewin, 

S., ... & Ashton, P. (2006). Testing metabolic ecology theory for allometric scaling of tree size, 

growth and mortality in tropical forests. Ecology Letters, vol. 9, Issue 5, p. 575-588. 



Niklas, Karl J. 1994. Plant allometry: the scaling of form and process. The University of Chicago 

Press, Chicago, IL.  

Paine, C. E. T., Marthews, T. R., Vogt, D. R., Purves, D., Rees, M., Hector, A. and Turnbull, L. 

A. (2012). How to fit nonlinear plant growth models and calculate growth rates: an update for 

ecologists. Methods in Ecology and Evolution, vol. 3, p. 245–256. 

Ponton, S.; Flanagan, L.B.; Alstad, K.P.; Johnson, B.G.; Morgenstern, K.; Kljun, N.; Black, 

T.A.; and Barr, A.G. (2006). Comparison of ecosystem water-use efficiency among Douglas-fir 

forest, aspen forest and grassland using eddy covariance and carbon isotope techniques. Global 

Change Biology, vol.12, p. 294–310. 

Reich, P. B., Tjoelker, M. G., Machado, J. L., & Oleksyn, J. (2006). Universal scaling of 

respiratory metabolism, size and nitrogen in plants. Nature, vol 439, no. 7075, p.457-461. 

Reich, P. B., Tjoelker, M. G., Machado, J. L., & Oleksyn, J. (2007). Re: Does the exception 

prove the rule? Nature, vol. 445, p. E10-E11. 

Sibly, R. M., Brown, J. H., & Kodric-Brown, A. (Eds.). (2012). Metabolic ecology: a scaling 

approach. John Wiley & Sons. 

Sperry, J. S., Smith, D. D., Savage, V. M., Enquist, B. J., McCulloh, K. A., Reich, P. B., Bentley, 

L. P., von Allmen, E. I. (2012). A species-level model for metabolic scaling in trees I. Exploring 

boundaries to scaling space within and across species. Functional Ecology, vol. 26, p. 1054–

1065.  

Tyree, M. T., & Ewers, F. W. (1991). The hydraulic architecture of trees and other woody 

plants. New Phytologist, vol 119, Issue 3, p. 345-360. 

West, Geoffrey B.; Brown, James H.; and Enquist, Brian J. (1999). “A general model for the 

structure and allometry of plant vascular systems.” Nature, vol 400, p. 664-667.  

Wright, S. J., Kitajima, K., Kraft, N. J., Reich, P. B., Wright, I. J., Bunker, D. E., ... & Zanne, A. 

E. (2010). Functional traits and the growth-mortality trade-off in tropical trees. Ecology, vol 91, 

Issue12, p. 3664-3674. 

 


