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Trees ranging in age from 2 to 26 years, that were planted on marginal and abandoned agricultural lands, and reclaimed grassland in southern Ohio, and from naturally regenerated forests on xeric sites in Tomsk, Russia, were sampled for biomass and carbon content. Species include Pinus nigra, P. rigida 
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 taeda, P. strobus, Acer negundo, Fraxinus pennsylvanica, and Platanus occidentalis from southern Ohio and P. sylvestris from Tomsk, Russia. 

Quantifying the rate of carbon accumulation and storage in aquatic and terrestrial ecosystems has received much attention as concerns have arisen over the impacts that increased carbon dioxide in the atmosphere may have on global warming (Apps and Kurz 1993; Dixon et al. 1994). Because the vegetation of forests contains more than 75% of all carbon accumulated in the vegetation of terrestrial ecosystems (Olson et al. 1983), much focus has been placed upon the role that forests may play in any mitigation process. Accordingly, more recent emphasis has been placed upon the ability to more accurately and precisely measures the carbon that is stored and sequestered in forests (Brown 2002). 

To more accurately determine the carbon storage of standing woody biomass in forests, productivity should be considered at both the individual tree as well as the stand level. It is the interaction of biological, soil, and climatic factors on individual tree growth across stands that determines the amount of carbon stored in standing woody biomass of forest ecosystems. In physiological terms, trees must exhibit net positive photosynthesis in order to sequester carbon. The highest net photosynthesis occurs in young actively growing stands when the leaf area is at its maximum, near the point of canopy closure (Marland 1988; Waring and Schlesinger 1985). Intensive management practices, including the creation of plantations, are assumed to increase the carbon storage in forests due to younger ages and greater stand vigor (Johnson et al. 2001; Kershaw et al. 1993; Sedjo and Solomon 1991). Therefore, one might conclude that older overstocked stands, which contain large stores of carbon, tend to be less efficient in sequestering additional carbon in biomass than young vigorous stands. Hence, understanding carbon-sequestering dynamics in young forest, and therefore young trees, is important for future management. 

At the tree-level, many factors will influence the amount of carbon stored and the rate at which it is accumulated. These factors include species, site, tree age, and stand density. Within different geographic regions, trees will differ in their ability to store carbon in the different tree components as the result of differences in climate, especially precipitation and temperature that influence carbon accumulation and decomposition, and soil and physiographic factors. These collective differences at the tree-level will subsequently influence differences in carbon sequestering rates and the total amount of carbon stored at the forest level. Therefore, this paper presents tree-level data for trees growing in southern Ohio and southern Tomsk, Russia, to add to the growing knowledge of carbon sequestration and storage in forests. 

Methods. Site Selection and Description

Sixteen different sites in southern Ohio (39.41oN 82.23oW) representing marginal agricultural land, abandoned agricultural land, and reclaimed grasslands that had been previously strip mined, were selected to collect sample trees. The annual precipitation within this region ranges from 965 – 1065 mm, with a mean annual temperature of 10.4oC. The mean January and July temperature is –2.2oC and 22.9oC, respectively, and average elevation over this region is 233 m. Young forest plantations from these sites were chosen to represent the early portion of the carbon sequestration curve, and species included boxelder (Acer negundo L.), green ash (Fraxinus pennsylvanica Marsh.), sycamore (Platanus occidentalis L.), Austrian pine (Pinus nigra Arnold), eastern white pine (P. strobus L.), and pitlolly pine (P. rigida Mill. 
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 P. taeda L.). 

Scotch pine (P. sylvestris L.) from the Tomsk Oblast (56.50oN 84.97oE) in southwestern Siberia was also included in this study as the trees were sampled in the same manner as trees from southern Ohio, and samples and data were made available for comparison. This region has a continental climate with annual precipitation ranging from 400 – 500 mm. The mean annual temperature is 0.6oC, with mean January and July temperatures of  –19.2oC and 18.1oC, respectively. The three Scotch pine sites were xeric in character with an average elevation of 115 m, and trees were sampled from naturally regenerated even-aged forests. 

Trees were selected from each site that represented the average diameter distribution for that site, and were felled at the groundline for sampling and measuring purposes. All tree diameters were measured to the nearest 0.01 cm with the use of a digital caliper, and tree lengths were measured to the nearest 0.1m.  

Destructive Tree Measurements

Trees were cut at the ground line, and separated into components of bole, branches, and foliage. A grab sample was taken for the purpose of determining moisture content and percent carbon. The branches were separated from the bole and weighed, and a grab sample was taken. The bole was cut into manageable lengths and weighed. A small section of the bole was extracted at the base, at 25%, 50%, and 75% of the bole length, and at the tip. These sections were combined with a grab sample from the branch component to determine the moisture content and percent carbon in the total wood and bark of the tree. Large trees were weighed to the nearest 0.05 kg and small trees were weighed to the nearest 0.01gram. 

Grab samples were oven-dried at 60oC for 72 hours, and reweighed to determine percent moisture content. The percent moisture content of grab samples was applied to total green weight of the foliage and wood/bark component, as appropriate, to determine the total dry weight of each tree. Oven-dried grab samples were measured to the nearest 0.01gram. The subsequent moisture content value was used to determine the total dry weight of the tree and its components

Oven-dried grab samples were ground in a Wiley mill to pass a 2.0 mm sieve to prepare them for carbon analysis. The samples were analyzed with an Elementar Americas, Inc., Vario Max Carbon Nitrogen Combustions Analyzer, using a procedure described by the International Standards Organization (1995 (E)). The result of this process determines the amount of carbon as a percent of dry weight. The percent carbon by dry weight was determined for the tree components of foliage, and all wood and bark combined. 

Analysis of variance (ANOVA) was performed on the percent carbon data to determine if differences existed between species and between tree components. The appropriate percent carbon values was applied to the total oven-dry weight of the wood and bark, and foliage components to estimate the amount of carbon in each component of each tree. The sum of the tree component carbon weight for each tree was used to achieve the estimated total carbon weight for each tree.

Regression analysis was used to develop tree carbon equations by component, and for the entire tree. Predictor variables used in the analysis included root-collar diameter (Drc), diameter at breast height (Dbh), and total height (Ht). Since some tree samples were less than 1.3 m in total height, Dbh was not attempted in the analysis for these species in order to maintain a higher sample number in the analysis. Examination of the R2 value and plots of the predicted versus the residuals were used to determine which equation best fit the data.

Results and Discussion. Carbon content

ANOVA performed on the percent carbon revealed that differences existed between species and between components. Duncan’s multiple range test was performed on the percent carbon means to determine where significant differences occurred. With exception of Scotch pine, conifers show higher carbon content overall than the hardwoods studied. Carbon content is greater in the foliage than the wood component, with the only exception to this trend found in boxelder.

Of the conifer species, pitlolly had the highest foliage carbon content, though not significantly greater than white pine. No significant difference between the foliar carbon of Austrian pine and eastern white pine was found. However, the foliar carbon of Scotch pine was significantly less than the other conifer species studied. The range in the difference of foliar carbon in the conifer species was 3.21%. No significant difference was found among Austrian pine, eastern white pine, and pitlolly pine in wood carbon. However, the wood carbon content of these species was significantly greater than Scotch pine. The range of difference in wood carbon was 3.76%.

The carbon content of Scotch pine was comparable to the hardwoods. The wood carbon was statistically similar to boxelder and sycamore, and the foliar carbon content, even though greater than boxelder and green ash, was less than sycamore.

Of the hardwoods, sycamore had the highest carbon content in wood and foliage, green ash the lowest in wood, boxelder the lowest in foliage. No significant difference was found between boxelder and sycamore in wood, but green ash was significantly less. Even though significant differences in wood carbon were found within the hardwoods, the range between the lowest and highest value is only 0.6%. Sycamore had the highest foliage carbon percent and boxelder the lowest in the hardwood group, and each hardwood was found to be significantly different; however, the range between lowest and highest is 3.56%, which is higher than found for wood. 

The mean carbon percent for the conifer species from this study located in the United States was 51.14% and 51.70% for wood and foliage, respectively (51.41% combined), and hardwood species displayed carbon percent of 47.42% and 47.78% for wood and foliage, respectively (47.60%). These values are consistent, although slightly lower, with that found by Koch (1989), where the average carbon content for tree species in the United States was 52.1% for conifers and 49.1% for hardwoods. The carbon percent values found in this study of 47.48% and 48.83% for wood and foliage, respectively, for Scotch pine in southwestern Siberia are slightly lower than values reported elsewhere. Alexeyev and Birdsey (1998) report values of 49.5% and 51.6% for wood and foliage, respectively, for Scotch pine in Russia. This illustrates the variable nature of carbon content, which can be influenced by physiographic and climatic conditions, and tree age and genotype.

When specific carbon content is unknown, different researchers have estimated carbon content as 50% of the absolutely dry mass of the stem, roots, and leafless branches (Alexeyev and Birdsey 1998). For the green parts of plants, carbon content has been estimated and used within a range of 45% (Kobak 1988; Isaev et al. 1993) to 50% (Birdsey 1992; Kurz et al. 1992) of their mass. What was found in this study are close to these estimates. The woody component was determined to be slightly less than 50% of the dry woody mass. However, the foliage was determined to be slightly higher than 50% of the dry mass, with the exception of Scotch pine, which was less. The combined carbon content (wood plus foliage) of all the conifer species was higher than that found for hardwoods, displaying 50.6 % of dry mass compared to 47.6% for hardwoods.

Carbon Equations

A non-linear model using only tree diameter provided the best fit to the data:

C = b1(D)b2
Where C = the total amount of aboveground carbon in a tree, D = tree diameter, and b1 and b2 are estimated coefficients. This is the same form of the equation used by Laiho et al. (2002) to relate tree carbon to tree diameter for sweetgum (Liquidambar styraciflua L.) and loblolly pine (Pinus taeda L.). The inclusion of total height as an explanatory variable did not improve the fit to any of the models, and was insignificant at p=0.05 to explaining variation. This finding is consistent with others regarding biomass equations (Wiant et al. 1979; Tritton and Hornbeck 1982) where the inclusion of height does not necessarily improve the prediction. 

For all species, except eastern white pine and Scotch pine, the root collar diameter (Drc) was used as the explanatory variable rather than diameter at breast height (Dbh). Most of the trees in this sample set were less than 1.3 m height and did not have a measurable Dbh. Therefore, Drc was used to increase the sample size. Dbh was used for eastern white pine and Scotch pine as all trees in this sample set were greater than 1.3 m height, and Drc was not recorded for Scotch pine.

Austrian and pitlolly pines, and sycamore had few clustered observations much greater than the mean of the data set utilizing Drc as the explanatory variable. These observations (sycamore n=2, pitlolly pine n=3, Austrian pine n=3) were dropped from the equation building so that the data range were similar for this data set, and better comparisons of equations could ultimately be made.

For the very young trees where Drc was used in the equation, there were no statistical differences among all the equations based on the 95% confidence bounds on the equation coefficients. It is too early at this point in tree development to determine if the amount of carbon sequestered and its rate differs among these species. It is likewise difficult to determine what role, if any, site differences have played in this early development.

However, based on projected trends of this preliminary data, it appears that green ash and pitlolly pine demonstrate the greatest potential of sequestering more carbon per tree compared to the other species. This may partly be explained by the oven-dry specific gravity of these species with which biomass and subsequently carbon are correlated. Green ash has a reported oven-dry specific gravity of 0.61, which is higher than the other hardwood species and Austrian pine, whose values are 0.54 or less (Alden 1995; Aysel and Dogu 1997). Values for pitlolly pine have not been reported, but the oven-dry specific values for the parent crosses of this species are 0.54 and less (Alden 1995). 

The carbon equations for eastern white pine and Scotch pine are not significantly different based on the 95% bounds about the equation coefficients. However, the projected trends of the data may suggest that eventually the Scotch pine will hold more carbon at a given diameter compared to eastern white pine. This would be consistent with the differences in wood density, as the reported ovendry specific gravity for Scotch pine (0.51) (Southern Pine Council 2000) is greater than that reported for eastern white pine (0.31) (Alden 1997). 

Species differs in density characteristics with respect to age. For example, in pine stands growing in the southern taiga forests near Leningrad, Russia, wood density increases up to 80 to 120 years (Polubayarinov 1976). For spruce forests in the same region, wood density in young and middle-aged stands varied insignificantly and then increased rapidly at 100 to 140 years. 

While wood density plays a role in the determination of the amount of carbon contained in a tree, foliage can contain a significant amount if carbon. Equations were developed to relate the amount of carbon in the woody and foliage component for each species. These equations were plotted to determine the proportional relationship of foliage carbon to wood carbon by diameter.

When compared to the hardwoods, Austrian pine and pitlolly pine display a greater allocation of carbon to the foliage than do hardwoods. The ratio of foliage carbon to woody carbon in the hardwood species decreases as tree size increases. This ratio increases for Austrian pine with increase in tree size, and remains relatively constant for pitlolly pine. 

Eastern white pine displays a larger allocation of carbon to foliage than does Scotch pine. This may be a reflection of the higher wood density found in Scotch pine compared to eastern white pine. The ratio of foliage carbon to woody carbon decreases as tree size increases for both species (figure 7). This ratio decrease has also been reported at the stand level for different forests in Russia with increase in stand age (Alexeyev and Birdsey 1998).

Tree crown dimensions are influenced by forest density (Bragg 2001, Baldwin et al. 1999), which would affect the allocation of carbon to tree crowns, with higher densities generally creating a lower foliar carbon to wood carbon ratio. Stand density was not held constant in this study and was variable. Hardwood forests had much lower stand densities on average compared to the conifers. The ratio of foliage to wood carbon may have been lower for hardwoods had their stand densities been more comparable to the conifers. Accordingly, the allocation of carbon to the foliage mass would have been even lower than what was recorded in this study.

Conclusions

This paper presents percent tree carbon content and individual tree carbon equations for young trees in southern Ohio and Tomsk, Russia. The carbon content found for species in this study is close to the average of 50% of tree mass reported and used elsewhere in the literature. The carbon content of the conifer species, with the exception of Scotch pine, was slightly higher than 50%, whereas the carbon content of hardwoods was lower. While differences in carbon content varies among species, it is reasonable to assume that the carbon content of species will be approximately 50% of the dry mass in the absence of known carbon percent values. Based on carbon percent values found in this study, using a value of 50% when the true value is more or less may result in an under- or overestimation of carbon by 4% to 6%, which may be an error one is willing to accept.

The limited range of tree sizes in this study limit the application of carbon equations developed. Differences in tree biomass and subsequently carbon is difficult to ascertain from this study, as tree growth, reflected by species and site, have not distinguished themselves at these young ages. However, of the hardwoods studied, green ash displays early potential for greater carbon accumulation and storage. Of the very young conifers, pitlolly pine displays a greater potential. 

The difficulty in developing biomass and carbon equations becomes greater with increasing tree size because of the greater sampling effort required. Larger diameter trees need to be destructively sampled and their biomass measured to add to the existing data sets for developing biomass regression. For example, a database of 454 trees of US eastern hardwood trees (Schroeder et al., 1997), contains only 16 trees with diameter >60 cm. While there is much literature presenting biomass regression equations from which carbon content can be estimated, most of these equations are based on trees harvested from the late 1960’s to early 1980’s. Questions have been raised as to whether trees have changed their allometries under the ongoing global climate change and therefore need further evaluation (Brown 2002).

Tree architecture is an important consideration in estimating aboveground forest carbon. Crown density, shape, and size are determined and influenced by species and stand density. Subsequently, the allocation of carbon to wood and to foliage will be affected. A greater allocation of biomass to foliage could increase the carbon content of a particular tree, as foliage tends to have higher carbon content, and a greater photosynthetic area would result in greater wood production in the tree. Such might be the case for forests planted at lower densities. However, while forests planted at higher densities may shift carbon allocation away from foliage and onto wood, higher forest carbon storage may result due to the higher number of trees and greater accumulation of forest litter.
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Comparison of Carbon Content and Carbon Equations for Tree Species in Southern Ohio and Tomsk, Russia

Abstract: Trees ranging in age from 2 to 26 years, that were planted on marginal and abandoned agricultural lands, and reclaimed grassland in southern Ohio, and from naturally regenerated forests on xeric sites in Tomsk, Russia, were sampled for biomass and carbon content. Species include Pinus nigra, P. rigida x taeda, P. strobus, P. sylvestris, Acer negundo, Fraxinus pennsylvanica, and Platanus occidentalis from southern Ohio and P. sylvestris from Tomsk, Russia. With the exception of P. sylvestris, conifer species displayed higher carbon content than hardwoods based on percent of dry weight. Carbon content in conifer species was 51.14% and 51.70% in the wood and foliage respectively, compared with 47.42% and 47.78% for wood and foliage, respectively, in hardwoods. P. sylvestris displayed 47.48% and 48.83% carbon content for wood and foliage, respectively. Aboveground tree carbon equations indicated that P. rigida x taeda and Fraxinus pennsylvanica displayed the greatest initial trend of carbon sequestration. With the exception of P. sylvestris, conifers demonstrated a higher allocation of carbon to crown foliage than hardwoods. The allocation of carbon to wood and foliage is determined by tree architecture, specifically crown density, shape, and size, which are determined and influenced by species and stand density. 
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