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Abstract

All tree species within forests are capable of storing carbon. The ability of trees to
harness carbon and incorporate it into their biomass may provide a significant carbon sink with
current conditions of climate change. Therefore it is important to observe how much carbon
forests can store in order to design future mitigation strategies. This project, which was set at
Black Rock Forest (BRF) Consortium in New York State, aimed to understand how much dry
aboveground biomass two oak species, chestnut oak (Quercus prinus) and red oak (Quercus
rubra), contained in order to further estimate the total amount of carbon uptake by these tree
species. Thirteen years of data from both species that have been felled were utilized for this
project and additional trees were felled to present a more representative sample of different
diameter trees. Oaks were studied because they represent a majority of the tree species in the
forest comprising greater than 80% of the trees. The actual weights of the felled trees were
compared to the outputs from species-specific allometric equations, a general hardwood
equation, and original equations which were calculated using actual BRF data for each species.
Trees were selected at a range of diameters (DBH, diameter at breast height) to determine the
validity of these equations based on different sizes of trees. The equations were compared to the
measured data to determine the equation which best estimates biomass for each species. There
was more variability in the accuracy of the three equations tested for Q. prinus trees while the
predictions were more similar across equations for Q. rubra trees. The implications for this
project include the ability to accurately measure forest carbon in order to monitor changes in

biomass over time.



Introduction

Average global temperatures have increased approximately 0.55°C since the 1970s (IPCC
2007) and increasing concentrations of carbon dioxide in the atmosphere may be resulting in the
rise of temperatures thus accelerating climate change. As global forest cover consists of nearly
4000 million hectares, the ability of forests to sequester large amounts of carbon may be
especially important in light of changes in climate (IPCC 2007). Forests play an important role in
their ability to store large amounts of carbon (Dixon et al. 1994) and the carbon stored in the
terrestrial biosphere can be regulated if necessary due to changing conditions which may allow
for mitigation (Birdsey 1992). The IPCC 2007 report documents that between the years 1993 and
2003, the terrestrial biosphere had sequestered about 3,300 MtCOz/year. With global warming as
a pressing issue, it is necessary to understand how natural systems can reduce the amount of
carbon dioxide in the atmosphere as atmospheric CO; has increased up to 25% in the past 100

years (Houghton et al. 1983).

Forests in the Northern Hemisphere have been considered carbon sinks, but the extent of
their uptake of carbon and the particular location of sinks are still debated (Goodale et al. 2002).
Trees invest energy into carbon storage in its wood, stumps, branches, and other components.
However, carbon can be lost due to fires, insect invasions, and tree death (Myneni et al. 2001).
Additionally, differences in terrestrial land use have had an effect on the resulting carbon flux
(Houghton et al. 1983). The re-growth of cleared forests and soils store carbon while the clearing
of forests for agriculture releases carbon into the atmosphere (Houghton et al. 1983). With
increasing temperatures and atmospheric CO- levels, it has become difficult to understand forest
responses to climate change, in particular, their ability to act as carbon sinks on a global scale, as

well as their effects on local environments (Graham et al. 1990). When studying correlations



between carbon dioxide and temperature, it was determined that responses to climate change

tend to be dependent on geographic locations (Braswell et al. 1997).

The amount of carbon in tree biomass can range from 45 to 50 percent (Birdsey 1992).
Although trees can incorporate atmospheric CO: into their biomass, it has been shown that
young forests store carbon at faster rates than do older, more mature forests (Birdsey et al. 1993).
The ability of a forest to act as a carbon sink may depend on many factors such as the age of the
stand, as younger forests tend to accumulate more carbon than old-growth forests which may
reach a saturation point (IPCC 2007). The amount of carbon that is able to be stored depends on
whether the tree’s biomass has reached its maximum value (Brown et al. 1997). Understanding
the means by which the terrestrial environment had stored carbon in the past, whether by
increases in plant growth (due to CO: levels in the atmosphere), or by desertion of agricultural

lands, can assist in making predictions about carbon uptake in the future (Albani et al. 2006).

Dry aboveground biomass provides an important estimate of carbon pools and fluxes at
global scales (Jenkins et al., 2004). In order to estimate forest aboveground biomass, regression
equations have been derived to calculate biomass based on diameter at breast height (DBH)
(Tritton and Hornbeck 1982, Jenkins et al. 2004). These allometric equations are modified for
individual species of trees. However, there can possibly be error associated with using previously
published equations as differences in geographic location may play a role (Jenkins et al. 2003).
There are some factors which have not been incorporated into allometric equations which may
increase error and uncertainty. Some of these factors include a lack of measurements of large
diameter trees with a diameter greater than 60 cm, and a lack of site specific equations that
account for changes in species composition, geographic characteristics, and responses to

environmental changes (Brown 2002). Additionally, the age of tree stands may have a significant



impact on obtaining accurate allometric models for tree biomass (Fatemi et al. 2011). Variability
in tree density and canopy structure may also influence the biomass and carbon storage of these
tree species (Fatemi et al. 2011). There would be better estimates of biomass and carbon storage
if there were more allometric equations that estimated biomass of small diameter trees as well
(Singh et al. 2011). Therefore, although allometric equations provide good estimates of biomass,
in order to obtain the most accurate estimates of biomass, it is important to choose equations that

best reflect the specific tree species and the site location.

The purpose of this project was to find the best method for quantifying dry aboveground
biomass for red oak (Quercus rubra) and chestnut oak (Quercus prinus) species in Black Rock
Forest Consortium, located in the Hudson Highlands in New York State. Researchers have used
species-specific allometric equations to study how biomass changed with time in Black Rock
Forest (Schuster et al. 2008). This project aimed to test the validity of the equations that were
chosen to be representative for Black Rock Forest, which were used in Schuster et al. 2008. We
sought to determine whether the species-specific equation (Brenneman et al., 1978), the general
hardwood equation (Monteith, 1979), or the newly derived BRF equation was best for estimating

dry aboveground biomass for both oak species.

Methods
Site Description

This project was set at Black Rock Forest Consortium located in the Hudson Highlands in
Cornwall, New York. Black Rock Forest (BRF) is located about 60 miles north of New York
City (Fig. 1). The Consortium, which is comprised of many academic institutions such as
Barnard College and Columbia University, was formed in 1989 and is a center for science,

education, and research (Buzzetto-More, 2006). The forest is approximately about 1,550 hectares



and the most predominate tree species are oaks comprising greater than 80% of the trees in the

forest (Schuster et al. 2008).

Tree Felling

In order to test the validity of the previously derived allometric equations which were
utilized to measure dry aboveground biomass at BRF, eleven chestnut oak (Quercus prinus)
trees, and twelve red oak (Quercus rubra) trees were felled between the years 2000 and 2013.
The data collected for both Q. prinus and Q. rubra were also used to generate a site-specific
equation for BRF. Allometric equations are regression equations that convert tree diameter at

breast height (DBH, 1.37 meters) to dry aboveground biomass in kilograms.

Each tree that was selected was chosen based on its diameter at breast height, which is a
standard measurement (Jenkins et al. 2004). The diameter at breast can be measured using a tape
measure that converts tree circumference into a diameter. This measurement is taken at the
standard height of 1.37 meters. A variety of trees with different diameters were selected for both
tree species. Each tree was cut down using a chainsaw. The tree was then measured to determine
its height. Next, each tree was cut into smaller pieces using the chainsaw and every piece of the
tree was weighed including the trunk, branches, and leaves. In order to obtain the tree’s total wet
weight, each portion of the tree was tied with ropes and hung from a scale on a tractor (Fig. 2).
The scale measures the weight of each piece in pounds with two pounds per line increment. The
sum of the weights gathered from all of the sections of the entire tree encompasses the tree’s wet
weight. A tree “cookie” (slice of a tree) from each tree was cut into quarters, stored in a plastic
bag, and brought back to the lab where each was weighed. The quarters were dried in a drying

oven at 80°C. Once the quarters were dry, a final weight was measured using a scale. Finally, a

drying factor was calculated (final weight/initial weight). The tree’s wet weight (sum of felled



tree weight) was multiplied by the drying factor to determine the dry weight of the tree. This
weight is the dry aboveground biomass measured in kilograms. This measured value was later

compared to the outputs from the allometric equations.

Allometric Equations

There is a list of allometric equations that have been selected to represent the trees at
Black Rock Forest (Schuster et al. 2008). The equations that have been used are Brenneman’s
individual red oak and chestnut oak equations and the Monteith general hardwood equation. The
specific red oak equation is (2.4601*(DBH)"2.4572)/2.205 and the specific chestnut oak
equation is (1.5509*(DBH"2.7276))/2.205 (Brenneman et al. 1978). The general hardwood is
5.5247-(0.3352*DBH*25.4)+(0.006551*DBH"2*25.4*25.4) (Monteith 1979). Unique

allometric equations were also derived using a previously published model (Jenkins et al. 2003).

Statistical Analysis

The collected measurements from the tree felling were compared to the outputs from the
allometric equations including the species specific equations and the general hardwood equation.
Additionally, the two previously derived equations were compared to a site-specific equation for
BRF. Statistical analyses including the sum of squared residuals were calculated using Microsoft
Excel. Additionally, correlation statistics and paired t-test comparisons were performed in
STATA statistical software to understand the relationships between the measured weight of the
trees and the results from the equations. Normal quantile plots were also generated in STATA to
determine how normally distributed the data were in order to perform the paired t-test. It was
assumed that the data were normally distributed enough to continue with the paired t- test. To

generate the new allometric equations, the add-in “Solver” was used in Microsoft Excel. We also



made observations to understand if there are differences in the accuracy of the equations for

small and large diameter trees.
Results

The sample size for Q. prinus was eleven trees and the diameters of the felled trees
ranged from 6.8 inches to 20.3 inches. Increases in measured dry weight were associated with a
rise in predicted aboveground biomass for the Q. prinus species-specific equation from
Brenneman et al. 1978 (Fig. 3, 4a; R?=.912). The species-specific equation outputs are greater
than the measured data (Table 1; p<.05). Increases in Q. prinus dry weight were also associated
with rises in predicted dry weight when using the general hardwood equation from Monteith et
al. 1979 (Fig. 3, 4b; R?=.937). A specific allometric equation for Q. prinus utilizing data
collected from BRF was created to minimize the squared residuals in between measured and
predicted data thus constructing an equation specifically tailored for BRF given the collected
data. The data yielded: Biomass= Exp(-.3181+1.965In(DBH)). The data collected for DBH
(diameter at breast height) were entered into this equation and compared to the actual measured
dry weights of the felled Q. prinus trees. Increases in the measured data corresponded with an
increase in the predicted values (Fig. 3, 4c; R?>= .940). When error in the form of residuals
associated with the equations was compared between the three equations, there was a larger sum
of squared residuals value with the Brenneman equation than with either the Monteith general
hardwood equation or the BRF equation (Fig. 5). The estimates of the general hardwood
equation and the BRF equation are not significantly different from the measured values (Table 1;

p>.05).



The sample size for Q. rubra was twelve and the diameters of the felled trees ranged
from 5 to 18.9 inches. Increases in measured dry weight for Q. rubra corresponded to increases
in predicted dry weight with the species specific equation, the general hardwood equation, and
the BRF specific equation (Fig. 6, 7a-c; R?=.966, .961, and .966 respectively). A specific
biomass equation was derived for Q. rubra trees at BRF and yielded: Biomass= Exp(-
2.5637+2.57925In(DBH)). This equation was calculated using BRF data to minimize the squared
residuals between individual data points. The DBH’s of measured Q. rubra trees were inputted
into this equation and compared with the species-specific equation derived from Brenneman et
al. 1978, and the general hardwood equation from Monteith 1979. The sum of squared residuals
was highest for the Q. rubra general hardwood equation which also had the largest sum of the
squared residuals (Fig. 8). All three equation’s estimates were not significantly different from the
measured values (Table 2; p>.05). The general hardwood equation p-value is very close to being

.05 and has a larger mean difference than the other two equations for Q. rubra (Table 2).

Discussion

The relationship between the actual dry weight and species-specific equation output for
Q. prinus suggests that the species-specific allometric equation is relatively accurate for
predicting biomass thus allowing for precise determinations of carbon storage in forests.
However, the general hardwood and BRF equation predictions appear to follow the data with a
better fit, with higher R? values. Additionally, the species-specific equation for Q. prinus is the
only equation of the three for Q. prinus that is significantly different from the measured dry
weights. On average, the Brenneman equation significantly overestimates the dry aboveground

biomass which could potentially affect forest calculations of its carbon storage. This equation is



accurate for Q. prinus trees below thirteen inches in diameter, however; it increases in error
above thirteen inch diameters. This difference in accuracy based on diameter implies that the
equation may be more accurate when determining biomass for smaller trees and a different
equation may need to be utilized for Q. prinus trees above thirteen inches in diameter. Thus the
species-specific equation may not be the most accurate equation to utilize for Q. prinus,
particularly at larger diameters. However, more trees may need to be felled in order to see the
exact diameter cut-off point. This result may suggest that the general hardwood equation may be
more accurate than the specific Q. prinus equation, especially for larger trees. The BRF equation
is more precise than the general hardwood equation. The explanation for this occurrence may be
the fact that data which was used in the formation of the equation was gathered at BRF itself as

opposed to another site.

The consistent results found from the allometry analysis of dry weight outputs compared
to the predictions for Q. rubra suggest that the dry aboveground biomass of Q. rubra can be
accurately predicted using the previously derived equations or the newly derived equation for
BRF. The results also imply that Q. rubra biomass may be more accurately predicted using
allometric equations than that of Q. prinus based on the data collected. These differences may be
attributed to many factors including the applicability of the previously derived equations to be
used in new regions (such as BRF), or possibly changes in the accuracy of the equations at larger

tree diameters, which is observed with Q. prinus.

Unlike the previously derived equations, the newly derived equations utilize actual BRF
data and calculate coefficients in a way to minimize the sum of squared residuals. Therefore, it is
likely that as more data are collected, the equation will become a more accurate model. To

calculate the most accurate, local allometric model, a large sample size is essential because there



can be large spatial variations in carbon stocks across stands and forests (van Breugel et al.
2011). Perhaps there may be some error associated with the BRF equations due to the small
sample size. Although calculating independent equations for every site may not be feasible, this
approach would yield the most accurate data. However, generalized equations, which utilize field
data from a specific site and can be implemented by other areas in a region, may be applicable
for certain tree species (Pastor et al. 1984). It would be beneficial to determine if the equations
selected for BRF are also applicable to surrounding areas perhaps representing the Hudson
Highlands region. The implementation of the same set of equations between sites may reduce
variations in biomass calculations caused by the equation itself, and allow for more accurate
comparisons between sites (Pastor et al. 1984). An alternative approach that may be useful for
establishing a more regional equation can encompass different factors relating to trees including
wood density, height, and diameter which can prevent the use of tree destruction for sampling

(Ketterings et al. 2001).

To further utilize these equations on a larger scale, other tree characters such as height
classifications could be incorporated to reduce biases and improve estimates (Li and Zhao 2013).
There is a uncertainty however, over the utility of incorporating tree height into allometric
equations, and instead some researchers are in favor of the construction of a general allometric
equation that can be a feasible measure in addition to providing accurate estimates (Montagu et
al. 2005). This ability to construct a general regional equation however may vary based on tree
species and site location. To best compare the validity and extent of the general equations best
suited for BRF, it would be important to compare equations across regional scales and
determining their accuracy (Ngomanda et al. 2014). Although allometric relationships are widely

used and allow for forest monitoring of tree biomass using non-destructive methods, new



methods of calculating national biomass estimates have been adopted which incorporate tree
height and species volume. However, this new method estimates present carbon stocks that vary
greatly from past allometric model estimates (Domke et al. 2012). Further research is required to
construct the best methods to calculate carbon storage at larger scales that will provide the most
accurate estimates. Differences may be due in part to necessary revisions of past equations which

may now be more accurate in predicting aboveground biomass (Chojnacky et al. 2014).

There is great importance in determining the best method or allometric equation to use
for measuring forest biomass and subsequent carbon storage. In Black Rock Forest it was
determined that Q. rubra and Q. prinus trees are still able to store carbon, however changes in
tree compositions and canopy status have the potential to significantly affect the sequestering
capability of Black Rock Forest (Schuster et al. 2008), therefore it is important to monitor
change in biomass over time. Although there may be variations between regions and forests, the
equations that are utilized should be the most accurate for the specific forest and tree species.
Because of the large global presence of forests which are able to function as carbon sinks, it is
essential to be able to quantify and predict forest carbon storage as a mitigation strategy for

climate change.
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Figure 1. Map of Black Rock Forest. This map shows the location of Black Rock Forest in
comparison to New York City. Image taken from http://www.blackrockforest.org/docs/about-

the-forest/the-forest/LocationMap.html



Figure 2. Tractor holding the scale used to measure felled trees. This picture shows the
method of how the entirety of each tree is weighed. Each piece was suspended from the scale to
get the tree wet weight.
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Figure 3. Plot of Q. prinus measured dry weight and the outputs from the allometric
equations. The data points represent the data from the felled trees, diameter at breast height
plotted against dry aboveground biomass. The lines represent outputs from the allometric
equations at every given diameter. The Brenneman specific Q. prinus equation is
(1.5509*(DBH"2.7276))/2.205, the Monteith general hardwood equation is Biomass=(5.5247-
(0.3352*DBH*25.4)+(0.006551*DBH"2*25.4*25.4) and the BRF allometric equation for Q.
prinus is Biomass= Exp(-.3181+1.965In(DBH)),
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Figure 4. Correlation plots for determining best fit model for Q. prinus. These plots were
used to calculate the R? in determining the best fit model for Q. prinus. a) Q. prinus species-
specific equation plotted against actual dry weight (R?=.91). b) General hardwood equation
plotted against actual dry weight for Q. prinus (R?=.94). ¢) BRF equation for Q. prinus plotted
against actual dry weight (R?=.94).
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data collected at BRF. The predicted dry weight was subtracted from the measured dry weight,
squared, and summed to determine the differences between the equations and the actual data.
The error bars are that standard deviation values of the squared residual values for each tree. The

asterisk indicates significance.



Table 1: Paired t-test values for Q. prinus. This table depicts the p-values and the mean
differences between the measured dry weights of Q. prinus and the outputs from the allometric
equations.

Q. prinus equation P-value Mean difference (actual-

(Two-tailed) | predicted)

Brenneman species-specific | 0.032 -270.71
equation

Monteith general hardwood | 0.11 73.22
equation

BRF equation 0.65 -18.22
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Figure 6. Plot of Q. rubra measured dry weight and the outputs from the allometric
equations. The data points represent the data from the felled trees, diameter at breast height
plotted against dry aboveground biomass. The lines represent outputs from the allometric
equations at every given diameter. The Brenneman equation (Biomass=
((2.4601*(DBH)"2.4572)/2.205) and the BRF equation (Biomass=Exp(-
2.5637+2.57925In(DBH)) for Q. rubra differ from that of Q. prinus, however the Monteith
equation is the same for both tree species.
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Figure 7: Correlation plots for determining best fit model for Q. rubra. These plots were
used to calculate the R? in determining the best fit model for Q. rubra. a) Q. rubra species-
specific equation plotted against actual dry weight (R?=.97). b) General hardwood equation
plotted against actual dry weight for Q. rubra (R?=.96). c¢) BRF equation for Q. rubra plotted
against actual dry weight (R?=.97).
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Figure 8. Plot of the sum of squared residuals for the allometric equations for Q. rubra. The
Brenneman equation is the species-specific equation for Q. rubra, the Monteith equation is the
general hardwood equation, and the BRF equation represents the best-fit equation given the data
collected at BRF. The predicted dry weight was subtracted from the measured dry weight,
squared and summed to determine the differences between the equations and the actual data. The
error bars are that standard deviation values of the squared residual values for each tree.



Table 2: Paired t-test values for Q. rubra. This table depicts the p-values and the mean
differences between the measured dry weights of Q. prinus and the outputs from the allometric
equations.

Q. rubra equation P-value (Two- | Mean difference (actual-
tailed) predicted)

Brenneman species-specific 0.12 54.38

equation

Monteith general hardwood 0.057 96.92

equation

BRF equation 0.93 2.54
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