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ABSTRACT 

 Forests function as a major terrestrial carbon sink and provide countless other ecosystem 

services. Forests of the eastern United States are responsible for a large portion of the carbon 

storage and accumulation of North America’s forest carbon sink. In the Ridge and Valley 

Province of the Appalachian mountains much of the upland forested terrain is underlain by shale 

and sandstone bedrock types. This dissertation investigates the role of shale and sandstone on 

forest structure and function in the Appalachian Ridge and Valley of Pennsylvania. 

 Chapter 1 of this dissertation provides a general overview of forests in the region, 

introduces the connection between forests and bedrock and then outlines the content presented 

here. In Chapter 2, forest carbon storage and accumulation are examined across forested public 

lands in Pennsylvania’s Ridge and Valley and paired with Geographic Information Systems 

(GIS) derived landscape metrics to investigate the impact of shale and sandstone bedrock type. 

Using forest inventory plots, we found that forests on shale are storing and accumulating more 

carbon in live aboveground forest biomass than those on sandstone. By pairing forest biometric 

data with spatially specific landscape metrics, including various measures of climate, 

topography, and soil physical properties, we identified abiotic drivers of live aboveground forest 

carbon dynamics in relation to lithology. Furthermore, patterns of forest community composition 

and community dynamics were examined in forests of the most common age classes. Forests on 

both shale and sandstone are dominated by oaks; however, some common species store and 

accumulate more carbon on a specific bedrock type. Regionally, these results highlight the 

potential for underlying bedrock to exert differential influences on forest ecosystem structure and 

function. 
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 Forests are examined at smaller spatial but longer temporal scales in Chapter 3. I use tree 

cores from chestnut oak and northern red oak to disentangle the impact of bedrock type, species 

and climate on the growth of dominant and codominant individuals at similar north facing 

midslope position on shale and sandstone bedrock. Results from this chapter suggest that 

northern red oak grows at a faster rate than chestnut oak regardless of the underlying substrate. 

Correlations between seasonal precipitation and oak growth for both species on sandstone 

bedrock type suggest that these oak species are at least partially limited by the amount of 

moisture availability on sandstone but not shale. In Chapter 4, forest carbon dynamics are 

reconstructed from forest plots on north facing midslopes on the two bedrock types. In this 

chapter I compare forest growth rates from 1975-2015 as well as metrics of resistance and 

resilience to three moderate–to–severe growing season droughts (1991, 1999 and 2001) that 

occurred over the period of 1975-2015. Average forest carbon accumulation rates were similar 

for forests growing on both bedrock types and were resistant and resilient to the droughts 

experienced over the time period. Results from decades of growth from tree-ring reconstructions 

are considered in context to more traditional forest inventories on varying slope positions to 

highlight the large amounts of variability across topographic positions on shale and sandstone 

bedrock in the region’s complex terrain. Chapter 5 offers reflection on the results presented in 

this dissertation, highlighting that bedrock type is most important to forest dynamics at the scale 

of the physiographic province. 
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Chapter 1 

 

General overview: 

 Physiographic patterns partly control ecosystem processes and the distribution of biota. Forest 

ecologists often study the structure, composition, and function of forests as “landscape ecosystems” or 

whole ecosystems rather than separating them by trees, communities, landforms or soils (Barnes et al 

1998). This dissertation focuses on oak dominated forests of the Appalachian Mountains where much 

of the forest has regrown into mostly mature closed canopy forests following severe disturbances from 

human land use in the period from the late 1800s to early 1900s (Dey 2014). Forests such as these are 

mid-successional oak-dominated forests and are among the most abundant in eastern United States 

(Gough et al. 2016).  

 Recent scientific collaboration has sparked collective interest in understanding the processes 

that occur within the critical zone, or the area of earth that spans the top of forest canopy down to 

bedrock, with an interdisciplinary focus on physical, chemical and biological processes that are key to 

life (Brantley et al. 2017). Much of the research presented here is framed within this context. The role 

of underlying bedrock, soils, topography and the interrelationships among them have long been 

recognized as important in controlling the distribution of tree species communities in these forests 

(Braun 1935, Hack and Goodlett 1960). In addition to exerting a control on the spatial arrangement of 

forest communities, bedrock types and the associated lithologic properties are increasingly being 

recognized as important controls on forest productivity around the globe (Morford et al. 2011, Hahm et 

al. 2014, Eimil-Fraga et al. 2014, Hennigar et al. 2017, Ott 2020, Jiang et al. 2020, Krajnc et al. 2020). 
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In the Appalachian Ridge and Valley region of Pennsylvania, forest communities are associated 

with soil physical properties, topography and landscape position (Nowacki and Abrams 1992). The 

Ridge and Valley physiographic province consists of folded Paleozoic sedimentary rocks with 

characteristic linear mountain ridges that are often comprised of weathering-resistant sandstone rock 

and lower lying shale and limestone valleys. A large portion of the forested landscape is underlain by 

two common bedrock types, sandstones and shales, as many of the limestone valleys are occupied by 

other land uses. 

The focal point of this work is forests and their relationship to shale and sandstone bedrocks. A 

major goal of this work is to expand upon the understanding of the degree that bedrock type influences 

the structure and function of forests in the region and to examine the spatial and temporal scale of its 

control. The forests of this region are an important part of a large carbon sink in the eastern deciduous 

forests that mitigates a portion of CO2 that the United States emits (USGCRP, 2018) while also 

providing other important ecosystem services such as providing wood products and important habitat as 

part of a larger ecosystem (Luppold and Bumgardener 2006, McShea et al. 2007). 

Chapter 2 of this dissertation investigates how forests store and accumulate carbon on shale and 

sandstone bedrock type on public lands across the entire Ridge and Valley of Pennsylvania on hundreds 

of thousands of hectares (Reed and Kaye 2020). Through this work, we found that typical forests across 

this physiographic province stores and accumulates more carbon growing above shale bedrock type 

than above sandstone. Elevation and soil texture are important abiotic factors that influence the forest 

carbon dynamics at this scale. These abiotic features are connected to bedrock type and potentially 

drive these patterns. The forest growing on these bedrock types are dominated by a variety of oak 

species, however just two species (chestnut oak [Quercus prinus L.] and northern red oak [Quercus 

rubra L.]) make up about half of the forest biomass. For a few species, distinct patterns in carbon 
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storage emerged depending on the bedrock substrate. Chestnut oak, a species typically associated with 

harsh and xeric conditions, stores more carbon on sandstone while white oak (Quercus alba L.) and 

tulip poplar (Liriodendron tulipifera L.), associates of richer and mesic sites, store more carbon on 

shale. Differences in soil texture from weathered bedrock may drive these differences in forest 

productivity where soil moisture is more available in soils derived from shale compared to sandstone. 

In the subsequent chapters 3 and 4 I report on field studies at a smaller spatial scale, from 

hectares to thousands of hectares, comparing tree and forest growth on shale and sandstone. Forest and 

tree growth were reconstructed over a period of 1975-2015 from tree cores. These chapters expand 

upon prior research at the Susquehanna Shale Hills Critical Zone Observatory and other local studies 

that aim to isolate impact of bedrock type on forest growth and biogeochemistry (Brantley et al. 2016, 

Hill 2016). Sites were selected on similar topographic positions on north to northwest facing midslopes 

to keep as many factors as possible other than bedrock similar in the Rothrock State Forest and the 

Stone Valley Forest in central Pennsylvania. 

Chapter 3 focuses on the potential differences between bedrock, species and the climate-growth 

relationships for two forest dominants, chestnut oak and northern red oak, between 1975-2015. The 

relationship between species growth and climate can be complex, and northern red oak and chestnut 

oak have exhibited different potentials of their growth rate under different scenarios of competition and 

climate (Rollinson et al. 2016). On shale and sandstone, these two species could have different growth 

rates due to the differences in the substrate environment. Belowground site factors, such as soil texture, 

water table depth, bedrock porosity and bedrock hardness alter how trees grow (Phillips et al. 2016, 

Kannenberg et al. 2019, Nardini et al. 2020). In this study, differences between the two species were 

greater than differences attributed to the substrate environment over the period of 1975-2015. However, 

for both oaks, positive correlations between growth and seasonal precipitation were found only on 
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sandstone. This suggests that the growth of oaks on sandstone bedrock is more sensitive to moisture in 

central Pennsylvania than on shale. 

In chapter 4, patterns of forest growth are identified using tree cores to reconstruct forest carbon 

storage over a longer period (1975-2015) than in Chapter 2 from forest inventories (which spanned the 

years of 2009 – 2015). The main goals are to compare decades of forest growth and examine the impact 

of three moderate to severe droughts in forests on shale and sandstone bedrock type. Forest responses in 

relation to belowground properties such as soil texture, nutrient availability and water holding capacity 

are important to better understand the impacts of drought that are increasingly threatening forests 

globally (Allen et al. 2010, Phillips et al. 2016). Bedrock influences soil conditions that contribute to 

moisture availability, so I ask whether forests on sites with finer soils underlain by shale are more 

resistant and resilient to droughts than those on sites with coarser textured and rockier soils on 

sandstone over the study period. Oak forests on north facing midslopes on shale and sandstone bedrock 

in central Pennsylvania are resistant and resilient to droughts. To contextualize growth on north facing 

midslopes on shale and sandstone, forest inventories from the local area at different slope positions 

were compared to further understand how bedrock and topography interact to influence the variability 

of forest carbon dynamics. Few consistent patterns emerged across other topographic positions. 

However, the analysis of the forest inventories suggests that sites at higher elevation on sandstone are 

likely experiencing higher mortality rates that cannot be identified from the tree-ring record. 

Together in these three chapters forest dynamics are contrasted on two common bedrock types 

of the Ridge and Valley and the results included here broaden the understanding of both the variability 

and general patterns of oak forest growth and carbon dynamics on differing substrates in the region. 

Patterns found on shale and sandstone across the Pennsylvania Ridge and Valley were different than 

those found on more local scales (i.e. on neighboring bedrock formations in Rothrock State Forest and 
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Stone and Stone Valley Experimental Forest). This interdisciplinary study aims to further the field of 

forest ecology through the fusion of critical zone science and provide a broader spatial and temporal 

understanding of the role of bedrock type on forest growth beyond those previously highlighted at the 

watershed scale. 

  



6 
 

 

References: 

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier, M., Kitzberger, 

T., Rigling, A., Breshears, D. D., Hogg, E. H., Gonzalez, P., Fensham, R., Zhang, Z., Castro, J., 

Natalia, D., Lim, J-H., Allard, G., Running, S. W., Semerci, A. Cobb, N., 2010. A global 

overview of drought and heat-induced tree mortality reveals emerging climate change risk for 

forests. Forest Ecology and Management, 259, 660-684. 

Barnes, B. V., Zak, D. R., Denton, S. R. Spurr, S. H., 1997. Forest Ecology (No. Ed. 4). John 

Wiley and sons. 

Brantley, S. L., DiBiase, R. A., Russo, T. A., Shi, Y., Lin, H., Davis, K. J., Kaye, M., Hill, L., 

Kaye, J., Eissenstat, D. M., Hoagland, B., Dere, A. L., Neal, A. L., Brubaker, K. M., 

Arthur, D. K., 2016. Designing a suite of measurements to understand the critical zone. 

Earth Surface Dynamics, 4, 211. https://doi.org/10.5194/esurf-4-211-2016. 

Brantley, S. L., McDowell, W. H., Dietrich, W. E., White, T. S., Kumar, P., Anderson, S. P., 

Chorover, J., Lohse, K. A., Bales, R. C., Richter, D. D., Grant, G., Gailardet, J. Designing 

a network of critical zone observatories to explore the living skin of the terrestrial Earth. 

Earth Surface Dynamics, 5, 841 – 860. https://doi.org/10/5194/esurf-5-841-2017. 

Braun, E. L., 1935. The vegetation of Pine Mountain, Kentucky: An analysis of the influence of 

soils and slope exposure as determined by geological structure. The American Midland 

Naturalist, 16, 517-565. 

Dere, A. L., White, T. S., April, R. A., Brantley, S. L., 2016. Mineralogical transformations and 

soil development in shale across a latitudinal climosequence, Soil Science Society of 

America Journal, 80, 623-636. 

https://doi.org/10.5194/esurf-4-211-2016
https://doi.org/10/5194/esurf-5-841-2017


7 
 

Dey, D. C., 2014. Sustaining oak forest in eastern North America: regeneration and recruitment, 

the pillars of sustainability. Forest Science, 60, 926-942. 

Eimil-Fraga, C., Rodríguez-Soalleiro, R., Sánchez-Rodríguez, F., Pérez-Cruzado, C., Álvarez-

Rodríguez, E., 2014. Significance of bedrock as a site factor determining nutritional 

status of growth of maritime pine. Forest Ecology and Management, 331, 19-24. 

Gough, C. M., Curtis, P. S., Hardiman, B. S., Scheuermann, C. M., Bond-Lamberty, B. B., 2016. 

Disturbance, complexity, and succession of net ecosystem production in North America’s 

temperate deciduous forests. Ecosphere, https://doi.org/10.2003/erc2. 

Hack, J. T., Goodlett, J. C., 1960. Geomorphology and forest ecology of a mountain region in the 

central Appalachians. Geological Survey Professional Paper 347. 

Hahm, J. W., Riebe, C. S., Lukens, C. E., Araki, S., 2014. Bedrock composition regulates 

mountain ecosystem and landscape evolution. Proc. Nat. Acad. Sci. 11, 3338-3343. 

https://doi.org/10.1073/pnas.13145561111. 

Hennigar, C., Weiskittel, A., Lee Allen, H., MacLean, D. A., 2017. Development and evaluation 

of a biomass increment based index for site productivity, Canadian Journal of Forest 

Research, 47, 400-410. 

Hill, L., 2016. Lithological controls on soil properties of temperate forest ecosystems in central 

Pennsylvania. Msc thesis, The Pennsylvania State University, University Park, PA. 

Jiang, Z., Liu, H., Wang, H., Peng, J., Meersmans, J., Green, S. M., Quine, T. A., Wu, X., Song, 

S., 2020. Bedrock geochemistry influences vegetation growth by regulating the regolith 

water holding capacity. Nature Communications, 11, 2392. 

https://doi.org/10.1073/pnas.13145561111


8 
 

Kannenberg, S. A., Maxwell, J. T., Pederson, N., D’Orangeville, L., Ficklin, D. L., Phillips, R. 

P., 2019. Drought legacies are dependent on water table depth, wood anatomy and 

drought timing across the eastern US. Ecology Letters, 22, 119-127. 

Krajnc, L., Hafner, P., Gričar, J., 2020. The effect of bedrock and species mixture on wood 

density and radial wood increment on pubescent oak and black pine. Forest Ecology and 

Management, https:doi.org/10.j.foreco.2020.118753 

Li, L., DiBiase, R. A., Del Vecchio, J., Marcon, V., Hoagland, B., Xiao, D., Wayman, C., Tang, 

Q., He, Y., Silverhart, P., Szink, I., Forsythe, B., Williams, J. Z., Shapich, D., Mount, G. 

J., Kaye, J., Guo, L., Lin, H., Eissenstat, D., Dere, A., Brubaker, K., Kaye, M., Davis, K. 

J., Russo, T., Brantley, S. L. 2018. The effect of lithology and agriculture at the 

Susquehanna Shale Hills critical zone observatory. Vadose Zone Journal, 17:180063. 

doi:10.2136/vzj2018.030063. 

Luppold, W. G., Bumgardner, M. S., 2006. Influence of markets and forest composition on 

lumber production in Pennsylvania, Northern Journal of Applied Forestry, 23, 87-93. 

McShea, W. J., Healy, W. M., Devers, P., Fearer, T., Koch, F. H., Stuaffer, D., Waldon, J., 2007. 

Forestry matter: decline of oaks will impact wildlife in hardwood forests. Journal of 

Wildlife Management, 71, 1717-1728. 

Morford, S. L., Houlton, B. Z., Dahlgren, R. A., 2011. Increased forest ecosystem carbon and 

nitrogen storage from nitrogen rich bedrock. Nature, 477, 78-81. 

https://doi.org/10.1038/nature10415. 

Nardini, A., Petruzzellis, F., Marusig, D., Tomasella, M., Natale, S., Altobelli, A., Calligaris, C., 

Floriddia, G., Cucchi, F., Forte, E., Zini, L., 2020. Water ‘on the rocks’: a summer drink 

for thirsty trees? New Phytologist, https://doi.org/10.1111/nph.16859. 

https://doi.org/10.1038/nature10415


9 
 

Nowacki, G., Abrams, M. D., 1992. Community, edaphic, and historical analysis of mixed oak 

forests of the Ridge and Valley Province in central Pennsylvania. Can. J. For. Res. 22, 

790-800. 

Ott, R. F., 2020. How lithology impacts global topography, vegetation, and animal biodiversity: A global-

scale analysis of mountainous regions. Geophysical Research Letters, 47, e2020GL088649. 

https://doi.org.10.1028/2020GL088649. 

Phillips, R. P., Ibáñez, I., D’Orangeville, L., Hanson, P. J., Ryan, M. G., McDowell, N. G., 2016. 

A belowground perspective on the drought sensitivity of forests: Towards improved 

understanding and simulation. Forest Ecology and Management, 380, 309-320. 

Reed, W., Kaye, M. W., 2020. Bedrock type drives forest carbon storage and uptake across the 

mid-Atlantic Appalachian Ridge and Valley, U.S.A. Forest Ecology and Management, 

460. https://doi.org/10.1016/j.foreco.2020.117881. 

Rollinson, C. R., Kaye, M. W., Canham, C. D. 2016. Interspecific variation in growth responses 

to climate and competition of five eastern tree species. Ecology, 94, 1003-1011. 

USGCRP, 2018: Second State of the Carbon Cycle Report (SOCCR2): A Sustained Assessment Report 

[Cavallaro, N., G. Shrestha, R. Birdsey, M. A. Mayes, R. G. Najjar, S. C. Reed, P. Romero-

Lankao, And Z. Zhu (eds.) U. S. Global Change Research Program, Washington, DC, USA, 878 

pp., DOI: 10.7930/SOCCR2.2018. 

 

 

  

https://doi.org.10.1028/2020GL088649
https://doi.org/10.1016/j.foreco.2020.117881


10 
 

 

Chapter 2 

Bedrock type drives forest carbon storage and uptake across the mid-Atlantic Appalachian Ridge 

and Valley 

 

Chapter 2 was published in the peer-reviewed journal Forest Ecology and Management and is included 

in the following pages with citation information in reprint form. 
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S1. a.) Average carbon uptake (Mg/ha/year) across forest 21 - 200 years old by rock type. Gray 

squares represent forests growing on shale, black triangles represent forests growing on 

sandstone. Error bars represent standard error of the mean, lack of error bars for 41-60 year old 
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shale forests are due to sample size of one. b.) distribution of forests age classes for plots with 

repeated sampling used to calculate average carbon uptake values. 

S2. Average live aboveground carbon storage of the top ten dominant tree species on sandstone 

and shale bedrock from forest plots 81-120 years old (nsandstone = 219, nshale = 97). 

 Sandstone Shale 

Species Live C 

(Mg/ha) 

99.5% CI Live C 

(Mg/ha) 

99.5% CI 

Quercus prinus* 32.0 (27.3, 37.1) 18.8 (13.0, 24.0) 

Quercus rubra 17.2 (13.1, 20.8) 29.1 (18.3, 37.5) 

Acer rubrum 9.4 (7.2, 11.2) 12.5 (8.8, 15.7) 

Betula lenta 6.7 (4.4, 8.5) 5.8 (3.0, 8.2) 

Quercus alba* 3.4 (1.1, 5.2) 11.4 (9.7, 15.9) 

Nyssa sylvatica 4.7 (3.3, 5.9) 2.5 (0.8, 3.7) 

Liriodendron tulipifera* 0.2 (-0.5, 0.04) 5.4 (0.5, 8.7) 

Quercus coccinea 2.5 (1.1, 3.6) 1.82 (0.2, 3.0) 

Pinus strobus 2.0 (0.4, 3.1) 1.9 (-0.1, 3.3) 

Quercus velutina 1.6 (0.3, 2.5) 3 (0.7, 4.9) 
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S3. Average carbon accumulation rates of the top ten dominant tree species on sandstone and 

shale bedrock from forest plots 81-120 years old (nsandstone = 219, nshale = 97). 

 Sandstone  Shale  

Species ΔC rate 

(Mg/ha/yr) 

99.5% CI ΔC rate 

(Mg/ha/yr) 

99.5% CI 

Quercus prinus 0.09 (-0.10, 0.32) 0.28 (0.09, 0.44) 

Quercus rubra 0.20 (0.04, 0.39) 0.42 (0.21, 0.65) 

Acer rubrum 0.17 (0.11, 0.23)  0.16 (0.08, 0.23) 

Betula lenta 0.10 (0.04, 0.15) 0.06 (0.00, 0.15) 

Quercus alba 0.03 (-0.02, 0.07) 0.14 (0.01, 0.29) 

Nyssa sylvatica* 0.13 (0.09, 0.16) 0.02 (-0.02, 0.08) 

Liriodendron tulipifera 0.01 (-0.10, 0.02) 0.09 (0.00, 0.17) 

Quercus coccinea 0.02 (-0.04, 0.07) 0.04 (-0.06, 0.11) 

Pinus strobus 0.04 (0.01, 0.07) 0.04 (-0.02, 0.08) 

Quercus velutina 0.01 (-0.02, 0.04) 0.03 (-0.04, 0.09) 
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S4. Schematic representation of a classification and regression tree predicting bedrock lithology 

from 11 GIS derived geophysical landscape variables corresponding to inventory plot centers. 

The cross validation error of the model stabilized using two splits, retaining only two predictor 

variables. 
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S5. Density plot showing the distribution of elevation for forest plots growing on shale and 

sandstone bedrock in the study area. Dashed lines represent the mean elevation for each rock 

type with corresponding shade. 

S6. Mean live aboveground carbon stored (Mg/ha) and Carbon accumulation rate (Mg/ha/yr) for 

81-120 year old forests on sandstone bedrock between 351 – 495 meters in elevation. 

Live aboveground carbon Stored Mean (Mg/ha) 95 % CI n 

Sandstone 88.8 (83.8, 93.8) 91 

Shale 109.8 (101.6, 118.0) 47 

Carbon accumulation rate Mean (Mg/ha/yr) 95% CI n 

Sandstone 1.07 (0.79, 1.34) 81 

Shale 1.29 (0.93, 1.65) 45 
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Chapter 3 

 

Impact of bedrock and climate on the growth of two dominant oak species of the central 

Pennsylvanian Ridge and Valley 
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Abstract: 

 The growth of oak-dominated forests and their associated ecosystem services vary across 

diverse mountainous landscapes. In this study, I compare the contemporary growth of two 

dominant oaks in central Pennsylvania on shale and sandstone bedrock characterized by 

differences in soil texture and soil rock content. Annual basal area increment reconstructed from 

cores from 86 trees over the period of 1975-2015 is used to compare growth rates and the 

seasonal climate response of the two species on similar aspect and hillslope position. Northern 

red oak growth exceeded chestnut oak growth regardless of the bedrock type. The average 

growth rate for a northern red oak over the study period was 87% higher than chestnut oak 

sampled from all plots and both bedrock types, 17.2 cm2/yr ( 1.8 Standard Error of the Mean) 

compared to 9.2 cm2/year ( 0.9 Standard Error of the Mean), respectively. Average seasonal 

temperature and precipitation were analyzed to investigate relationships with annual tree growth. 

Northern red oak growth was positively correlated with summer precipitation and chestnut oak 

growth was positively correlated with winter precipitation when growing on sandstone bedrock. 

However, positive correlations with precipitation for both species on sandstone suggest that trees 

growing on sandstone sites are limited by seasonal moisture which may be useful in predicting 

future forest growth in a changing climate. 

 

Introduction:   

 Physiographic variations across landscapes influence ecosystem structure and function in 

many ways (Swanson et al. 1988). Species distribution and forest community types in the eastern 

United States are associated with landforms that relate to the underlying bedrock type of the 

substrate in which they grow (Hack and Goodlett 1960, Brush et al. 1980, Searcy et al. 2003). 
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These forests play an important role in regulating the climate globally by sequestering 

atmospheric carbon (USGCRP, 2018). An interdisciplinary understanding of the interacting 

processes that drive ecosystem and climate services, such as tree growth, can help us understand 

the potential of forests to help curb global climate change (Bonan 2008). While forests have the 

potential to mitigate the effects of global climate change, their growth is also subject to complex 

direct and indirect effects of climate such as increasing temperature, altered precipitation patterns 

as well as changes in the frequency of disturbances and droughts (Rustad et al. 2012). The way 

that trees respond to climate events, like drought, can vary depending on a variety of 

circumstances (Clark et al. 2016).  

Belowground site factors, such as soil texture, water table depth, critical zone thickness 

and bedrock porosity can all alter a tree’s response to drought and may depend on the species 

present as well as their associated life history traits (Phillips et al. 2016, Kannenberg et al. 2019, 

Hahm et al. 2019, Nardini et al. 2020). Moisture stresses for trees and forests are not always 

delivered as discrete events, and even mild but chronic water stress has the potential to decrease 

the size of the carbon sink in the eastern deciduous forest (Brzostek et al. 2014). With warmer 

temperatures and more variable precipitation predicted in a changing climate, these conditions 

are likely to occur more often in forests of the eastern United States (Hayhoe et al. 2007). 

Despite a growing recognition of the influence of bedrock type on forest structure and function 

and its impact on site-specific belowground properties, the degree to which climate, bedrock type 

and forest species growth interact remains under explored in oak dominated forests. 

In the Ridge and Valley physiographic province of the Appalachian Mountains, forest 

composition is related to past land use practices, topography, substrate and soil properties 

(Nowacki and Abrams, 1992), as well as belowground moisture regimes linked to the 
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characteristics of bedrock (Hack and Goodlett 1960). The Ridge and Valley region is dominated 

by the oak-hickory forest type (Iverson and Prasad, 2001) where upland forest terrain is 

commonly underlain by shale or sandstone bedrock types. Across the region, chestnut oak 

(Quercus prinus L.) tends to dominate on the sandstone bedrock type while northern red oak (Q. 

rubra L.) dominates on shale, with the two species currently constituting about half of the forest 

biomass (Reed and Kaye, 2020).  

Typically chestnut oak, also referred to as rock oak, is associated with xeric rocky sites 

and competes well on west and southwest aspects while northern red oak tends to occupy a wider 

range of soil-moisture conditions and expresses a wider range of fitness across aspects 

(Fekedulegn et al. 2003, Fekedulegn et al. 2004). These two species grow best on deep, well 

drained soils and both are intermediate in shade tolerance, but chestnut oak is considered to be 

more shade tolerant and slower growing than northern red oak (Burns and Honkala 1990). 

Regardless of the relative similarities or differences in their natural history the dominance of 

these two species sorts by bedrock type across the larger landscape (Reed and Kaye 2020). Soil 

moisture availability driven by soil texture is one of the many physiographic parameters known 

to influence tree growth that are modulated by bedrock type in the Appalachian Mountains 

(Dryness 1965, Ciolkosz et al. 1990) and a study examining its control on mature contemporary 

growth in these two oak dominant species is warranted. 

Climate can control the growth dynamics of mixed species eastern deciduous forest 

(Pederson et al. 2015). Growth-climate relationships have revealed that early- to mid-growing-

season moisture correlates with oak growth across common species in the eastern United States 

(Speer et al. 2009) and the consistent signal across sites has been posited to imply a cause-effect 

relationship (LeBlanc and Terrell 2011). However, the relationship between species growth and 
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climate is complex; northern red oak and chestnut oak exhibit varying degrees of amplitude in 

their growth rate under different scenarios of competition and climate (Rollinson et al. 2016). 

Because these relationships are complex and can vary across terrain, bedrock type may filter the 

way that species and climate interact within these forests. 

 The goals of this study are to examine the impact of bedrock type, climate and the 

interaction between the two on the growth of two of the dominant tree species of the forested 

upland central Appalachian mountains. Specifically, the hypotheses tested were 1.) growth rates 

of northern red oak would be greater on shale bedrock type while chestnut oak growth rates 

would be highest on sandstone bedrock types 2.) the response of northern red oak and chestnut 

oak growth to temperature and precipitation would differ between trees growing on shale and 

sandstone bedrock types and chestnut oak would be less sensitive to precipitation given its 

dominance on sandstone. To parse out the impact of bedrock and climate on interspecies tree 

growth I used a combination of four decades of tree-ring derived northern red oak and chestnut 

oak growth paired with locally downscaled climate data from trees growing on similar aspects 

and hillslope positions on shale versus sandstone bedrock types. I used a combination of linear 

mixed effects models and correlation analyses to test these hypotheses from trees sampled from 

forests on similar aspects and slope positions in central Pennsylvania to isolate the impact of 

bedrock type. 
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Methods: 

 

Study Area  

 This study took place in the forested Appalachian Mountains of central Pennsylvania 

within the Ridge and Valley Physiographic province. Plots were sampled in Rothrock State 

Forest managed by the Pennsylvania DCNR and Stone Valley Forest managed by the 

Pennsylvania State University. The climate at the Shale Hills Critical Zone Observatory, a 

centrally located and well-studied reference point for the study sites, is characterized as humid 

continental with an average annual temperature of 9.4° C and an average annual precipitation of 

1016 mm over the study period (Wang et al. 2016). On average in central Pennsylvania there is a 

high degree of seasonality where winter temperatures have been below freezing on average and 

summers are warm with peak temperatures in June, July and August. Precipitation patterns are 

generally evenly distributed throughout the year and are less seasonal but monthly amounts over 

the years have been highly variable (Figure 7). All sampled plots are within 15 km of the 

observatory and experience similar climate conditions. Much of the upland forested mountains 

are underlain by Paleozoic sedimentary rock types such as shale and sandstone. The two 

formations are the Silurian-aged Rose Hill shale and the Tuscarora quartzite (a predominant 

sandstone in the region). The Rose Hill shale is an iron-rich and organic-poor formation (Dere et 

al. 2016) and the Tuscarora quartzite is an orthoquartzitic sandstone (Li et al. 2018). Two 

watersheds, the Shale Hills site and Garner Run are a part of extensively studied locations in the 

CZO network serve as example conditions of the forest ecosystems on shale and sandstone in 

central Pennsylvania (Brantley et al. 2018, Li et al. 2018).  
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Shale-derived soils at the study sites are more mesic and have higher clay content, have a 

lower percentage of rock and more organic matter compared to those derived from sandstone that 

are more likely to be classified as xeric. Soil profiles from north facing midslopes, the same 

topographic position where I sampled the trees, at the Shale Hills Critical Zone Observatory 

(CZO) are essentially free of rock in the upper 50 cm while soils from north facing midslopes at 

the sandstone-based Garner run CZO consist of large portions of boulders (Figure 8). Percent 

rock in the soil profile from sandstone sites depicted in figure 2 are likely as less rocky than 

typical, given that the data are from pits with few boulders that allowed for excavation. However, 

these soil profiles highlight physical differences in these soil and rooting environment. Soils at 

the shale sites are classified as Weikert series (silt loam) and soils at the sandstone sites are 

classified as Hazelton series (gravely/sandy loam). Shale-derived soils from the hillslopes 

detailed in this study are higher in magnesium, calcium, sulfur, and potassium compared to 

sandstone sites, however phosphorus concentrations are higher in sandstone derived soils (Hill, 

2016). Additionally, Pleistocene dust input may play an important role in the bioavailable 

chemical composition of soils in this study and the region (Marcon et al. 2021). Forests at the 

study sites detailed here have similar basal area and number of species per plot on both bedrock 

types, but forests above sandstone have a higher density of trees (Table 5).  
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Figure 7. Monthly temperature and precipitation at the Shale Hills Critical Zone observatory 

(data from Wang et al. 2016). Thick black lines represent the average over the study period 

1975-2015 and thin blue-grey lines represent individual years. 
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Figure 8. The percentage of rock in the soil profile at forested north-facing mid-slope positions 

from representative sandstone (Garner Run) Critical Zone Observatory and shale (Shale Hills) 

Critical Zone Observatory. Sandstone profile data from Brantley et al. 2016 and shale profile 

data from Lin, 2006 with data synthesize in table format in Hill 2016. 

 

Table 5. Average forest characteristics and standard error of the mean from sites where trees 

were sampled on Shale and Sandstone. Shalen = 9, Sandstonen = 11.  

 Shale Sandstone 
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Basal Area (m2/ha) 29.8 (2.4) 30.8 (2.5) 

Species per plot 4.3 (0.5) 4.7 (0.2) 

Stem density (stems/ha) 441.3 (18.7)  526.7 (53.3) 

 

 

 

Sampling Approach and Site selection 

 Plots in this study were selected as a part of a larger field sampling design aimed to 

isolate the impact of bedrock type on forest growth and biogeochemistry. In an attempt to keep 

as many factors as possible the same between forest on the two bedrock types, sites were 

selected on north to northwest facing midslopes on the two formations of interest identified using 

the Geological Map of Pennsylvania in ArcMap 10.5.1 (Berg et al. 1980, Miles and Whitfield 

2001, Hill 2016). On eight north-facing hillsides I generated randomized points using ArcMap 

on the midslope position of the hillslope to identify sample plot locations spaced at least 100 

meters apart. Sampled plots were within the interior forest and lacked visual signs of human and 

natural disturbance (i.e. trails, logging, windstorms). I recorded topographic characteristics in the 

field (elevation, aspect and slope) at each of the plots. The aspect and slope angles were similar 

for both bedrock types. Similar to the trend across the landscape at larger scales (Reed and Kaye, 

2020), plot elevation is on higher on average at sites on sandstone than on shale (Table 6). 

 

Table 6. Average topographic characteristics and standard error of the mean of sampled plots on 

Shale and Sandstone. Shale: n = 9, Sandstone: n =11. 

 Shale Sandstone 
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Elevation (m) 300.5 (8.5) 557.3 (28.2) 

Aspect (°)  343.3 (4.4) 333.6 (2.8) 

Slope (%) 16.4 (1.7) 18.5 (3) 

 

 

 At the randomly selected plot locations I established 314.2 m2 circular plots in which all 

trees with a diameter at breast height (DBH) were identified to species, measured and recorded to 

document forest structural conditions within each plot (Table 5). Each individual tree was 

assigned a tree crown class of dominant, codominant, intermediate or suppressed based on a 

visual assessment in relation to its neighbors. To focus on the impact of climate on northern red 

oak and chestnut oak, this study relies on tree-ring data from trees deemed dominant and 

codominant in relation to their neighbors to lessen the presence of competition from neighboring 

trees. 

  

Tree coring and Processing 

 Two increment cores were extracted from each tree that had a DBH >10 cm between 

summer of 2016 and spring of 2019. Trees were cored on each side parallel to the hillslope 

contour to avoid reaction wood at ~1 – 1.37 meters high. In this study I focus only on cores from 

northern red oak and chestnut oak resulting in data from 86 dominant and codominant trees 

(northern red oak * shale: n = 25, northern red oak * sandstone: n= 22, chestnut oak *shale: n = 

25, chestnut oak * sandstone: n = 14) from 20 different plots (shale: n = 9, sandstone: n = 11). 

After collecting the tree cores, they were air dried for at least 3 days and glued onto mounts. 

Cores were sanded using a belt sander with progressively finer sandpaper from 220 to 400 grit. 
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After sanding, cores were visually dated from the outermost fully developed ring inward and 

annual rings measured to the nearest 0.01 mm using a movable stage and Velmex measuring 

system. Cores were statistically crossdated using the program COFECHA (Holmes, 1983). 

Descriptive cross dating summary statistics were calculated using the dplR: Dendrochonology 

Program Library in R (Bunn et al. 2024) and are detailed in Summary Table 1 of this chapter. 

After crossdating, annual ring widths from the two core samples from an individual tree were 

averaged by tree resulting in 3,440 annual growth measurements from 86 trees considered in this 

study over the study period of 1975 - 2015. There were two instances where tree core sampling 

resulted in only one intact core (one northern red oak on shale and one northern red oak on 

sandstone) and both were kept in the analysis. 

 

Data Analysis 

 Basal area increment (BAI) in cm2/year was calculated to express tree growth in this 

study because of its ability to remove age/size related growth trends typically found in tree-ring 

data (Peters et al. 2015). BAI was reconstructed from initial diameter measurements taken in the 

field at the time of coring and is calculated as 

BAIt = R2
t - R2

t-1  

where t is a given year, Rt is the stem radius at the end of an annual increment and Rt-1 is the 

stem radius at the beginning of the increment (Biondi and Fares, 2008). I focused on the 

contemporary period from 1975 – 2015 to highlight modern trends in forest growth in the region 

and to attempt to limit the amount of non-climatic related growth due to forest dynamics (i.e. 

neighboring tree mortality resulting in release from competition). The truncated time period 

should exclude the majority of tree mortality (and releases) experienced in the “stem exclusion 
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phase” (Oliver and Larson, 1996) as these forests typically are regenerating following 

widespread clearcutting of the late 1800s and 1900s. 

 To analyze and focus on the impact of seasonal climate on northern red oak and chestnut 

oak growth I relativized BAI measurements to account for surrounding competition that an 

individual stem is experiencing. Past research has highlighted that tree growth can be a product 

of both climate and competition in closed canopy forests in this region (Rollinson et al. 2016). 

To relativize BAI by the surrounding competition I divided it by the sum of basal area of all 

species within the forest plot at the time of sampling. Holding competition static over the period 

of 1975 -2015 may not represent the temporal dynamics of competition of mixed species forests, 

but serves as a proxy for the non-climatic influence on individual tree growth and is a metric for 

the initial stand level stocking. Trees experiencing a high level of competition at the time of 

sampling likely experienced high levels of competition in 1975. An average relative BAI for 

each year over the study period (1975-2015) was calculated for all northern red oak and chestnut 

oak trees from shale and sandstone bedrock type sites resulting in four different series that were 

correlated with climate. 

 To test for the correlation between seasonal climate variables and average relative BAI 

for each species and bedrock combination, average temperature and total precipitation data were 

compiled into 3-month seasonal windows from the Shale Hills Critical Zone Observatory 

location using the ClimateNA program (Wang et al. 2016). I included both current and previous 

year seasonal temperature and precipitation data, as previous years climate is known to impact 

current year growth in trees. Seasonal windows were split into four periods and are divided by 

months rather than the lunar calendar and are classified as winter (December, January, February), 
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Spring (March, April, May), Summer (June, July, August, and Autumn (September, October, 

November).  

  

Statistical Analysis 

  To compare the effect of species and bedrock type and the potential interaction between 

the two factors on tree growth I fit linear mixed effects models to reconstructed basal area 

increment data with species and bedrock type as fixed effects and individual tree as a random 

effect using the nlme package (Pinheiro et al. 2018) in R (R Core Team, 2018). Due to the non-

normal structure of the reconstructed BAI data, a log transformation was performed on the 

response variable to meet model assumptions. To account for the impact of the prior growing 

season on the current year’s growth and the time series nature of tree ring data I incorporated an 

autocorrelation structure with a 1-year lag. Model fit and assumptions were evaluated by plotting 

the fitted vs standardized residuals. The statistical notation of the model took the form of: 

Yij = β0 + β1X1ij + β2X2ij + β3(X1ij x X2ij) + uj + ϵij 

where ϵij ~ AR(1) 

and 

X1 = species 

X2 = bedrock type  

 Following the previously mentioned analysis, with the goal of disentangling the effect of 

seasonal climate on the growth of the two oak species by bedrock type I correlated annual 

relative basal area increment and seasonal climate variables from the current and prior growing 

season for the years 1975-2015 for northern red oak and chestnut oak on shale and sandstone 
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separately. Only summer and autumn were included from the previous growing season. All 

analyses were considered statistically significant at  = 0.05. 

 

Results:  

 

Table 7. Average tree characteristics for northern red oak and chestnut oak by bedrock type 

included in this study. Standard deviation and the standard error of the mean are included in 

parenthesis. Northern red oak * shale: n = 25, northern red oak * sandstone: n = 22, chestnut oak 

* shale: n =25, chestnut oak * sandstone: n = 14 

 Northern red oak Chestnut oak 

Shale n = 25 n = 25 

Average tree DBH (dm) 42.7 (st.dev = 14, SEM = 

2.8) 

30.1 (st.dev = 

8,SEM = 1.6) 

Average BAI (cm2/year) 18.9 (st.dev = 2, SEM 

=0.4) 

8.4 (st.dev = 0.5 

,SEM = 0.1) 

Average plot level relative basal area 

(unitless) 

0.16 (st.dev = 0.1, SEM = 

0.02) 

0.07 (st.dev = 0.05, 

SEM = 0.01) 

Sandstone n = 22 n = 14 

Average tree DBH (dm) 37.0 (st.dev = 12.7, SEM = 

2.7) 

35.9 (st.dev = 14.6, 

SEM = 3.9) 

Average BAI (cm2/year) 15.1 (st.dev = 1.9, SEM = 

0.4) 

10.4 (st.dev = 1.5, 

SEM = 0.4) 
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Average oak species relative basal 

area (unitless) 

0.13 (st.dev = 0.1, SEM = 

0.02) 

0.12 (st.dev = 0.1, 

SEM = 0.02) 

 

 I hypothesized that the two oak species would have different growth rates by bedrock 

type and that northern red oak growth would be the greatest on shale, while chestnut oak growth 

would be greatest on sandstone. The average growth rate for a northern red oak over the period 

of 1975 – 2015 was 87% higher than chestnut oak sampled from all plots and both bedrock types 

(Table 7, Figure 9). When I explored the differences of average growth rate by species, bedrock 

and the interaction between the two I found that species was the only significant driver of 

different growth rates examined in this study (p = 0.02). Counter to the first hypothesis, bedrock 

type and the interaction between bedrock and species were not significantly different (p=0.71 

and p=0.65 respectively) (Figure 9 and Figure 10). There was a great degree of variability 

between the BAI of individual trees between species and bedrock types, with northern oak on 

shale expressing the most variability and chestnut oak expressing very little (Figure 11). 
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Figure 9. Overall average growth rates for northern red oak and chestnut oak growing on shale 

and sandstone bedrock types central Pennsylvania between 1975 and 2015. Error bars represent 

the standard error of the mean. Northern red oak * shale: n =25, northern red oak * sandstone: n 

= 22, chestnut oak *shale: n =25, chestnut oak * sandstone: n = 14 

 

 

Figure 10. Average basal area increment of northern red oak and chestnut oak growing on shale 

and sandstone bedrock types across the study area between 1975 – 2015. Error bars represent 

standard error of the mean for a given year for the species and bedrock type presented. Northern 

red oak * shale: n =25, northern red oak * sandstone: n = 22, chestnut oak *shale: n =25, 

chestnut oak * sandstone: n = 14 
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Figure 11. Basal area increment (BAI) from all trees used in this study for a.) Chestnut oak 

growing on shale b.) Northern red oak growing on sandstone c.) Chestnut oak growing on shale 

d.) Chestnut oak growing on sandstone. Colored lines represent individual trees and black line 

represents average for the species bedrock combination. 

 

 

 The second hypothesis was that these two species would respond differently to seasonal 

temperature and precipitation on shale and sandstone bedrock because of the coarse and rocky 

nature of the soils and that chestnut oak would be less sensitive to precipitation because of its 

general dominance on sandstone. Based on the correlation analysis performed in this study, I 

found evidence supporting this hypothesis for sandstone bedrock only and differences between 

species are nuanced. Both northern red oak and chestnut oak growing on sandstone had relative 
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BAI values that were significantly correlated with precipitation, however seasonal windows 

differed for the two species. Northern red oak growing on sandstone in this study was positively 

correlated with summer precipitation (r = 0.33, p=0.035) (Figure 12). In contrast, chestnut oak 

growing on sandstone was positively correlated with winter precipitation (r =0.35, p = 0.026) 

(Figure 13). For both northern red oak and chestnut oak growing on shale, no significant 

correlation existed between seasonal average temperature or precipitation with relative BAI (all p 

> 0.05) (Figure 12 and 13).  

 

Figure 12. The correlation between relative basal area increment and seasonal climate for 

northern red oak growing on shale and sandstone bedrock types. The y-axis depicts the 

correlation coefficient. Asterisks represent a statistically significant correlation with a seasonal 

climate variable. 
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Figure 13. The correlation between relative basal area increment and seasonal climate for 

chestnut oak growing on shale and sandstone bedrock types. The y-axis depicts the correlation 

coefficient. Asterisks represent a statistically significant correlation with a seasonal climate 

variable. 

 

 

Discussion 

 Differences in growth rates between northern red oak and chestnut oak outweigh 

differences that can be attributed to bedrock type on the Rose Hill shale and the Tuscarora 

sandstone. This is at least the case when considering relatively productive interior forests where 

slope, aspect and hillslope position have been taken into consideration, factors that are known to 

influence growth rates and can vary by species (Fekedulegn et al. 2003, Swetnam et al. 2017, 
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Smith et al. 2017). Based on observed patterns that are expressed between shale and sandstone 

and these two oak species at larger scales, I expected that the differences between the bedrock 

substrate environment (rocky conditions, coarser texture soils, lower nutrient availability on 

sandstone) would impute different dominance mechanisms where northern red oak would 

express competitive dominance on the more favorable shale bedrock type and chestnut oak 

would express stress-tolerant dominance (and faster growth than northern red oak) on sandstone 

(Grime 1977). Chestnut oak growth is slower than northern red oak in general, and chestnut oak 

competes better on south facing xeric sites (Fekedulegn et al. 2003). Chestnut oak may take on 

stress-tolerant dominance on even drier and more sun exposed hillslopes than studied here where 

northern red oak’s typical competitive advantage could be displaced. Alternatively, the chestnut 

oaks higher productivity detailed on south facing slopes in other research may have less to do 

with moisture and more to do with increased solar energy that compared to northern red oak is 

closer to the edge of it’s northern range (Smith et al. 2017). 

However, oak species do have different growth rates associated with soil-site moisture 

availability. A congener to the two species examined here, White oak (Quercus alba L.), has 

highest growth rates on sites classified as intermediate in moisture index compared to sites 

classified as xeric and mesic in Ohio (Anning et al. 2013). It seems plausible that resource 

availability on north to northwest facing midslope topographic positions underlain by either shale 

or sandstone bedrock types are sufficient to support mixed oak forests dominated by the faster 

growing northern red oak that does not lead to stress-tolerant dominance or more competitive 

growth rates in favor of chestnut oak on the more weather resistant, sandy and rockier substrate 

derived from the Tuscarora quartzite. This is somewhat surprising given that soil profiles on 

sandstone midslopes are so boulder-rich in typical rooting zones (Figure 8). Additionally, as a 
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testament to northern red oaks affinity for north facing midslopes, there is a remarkable amount 

of variation in growth rates on both bedrock types (but see shale in particular) compared to 

chestnut oak (Figure 11). In contrast, chestnut oak growth on shale is likely muted by 

competition from surrounding trees which is contributing to the lack of variability seen here 

(Table 7, Figure 9, 10 and 11). 

 This study also sought to examine the impact of seasonal precipitation and temperature, 

species and bedrock type on annual tree growth. I hypothesized that these two oak species would 

respond differently to seasonal patterns of temperature and precipitation by substrate because 

bedrock mediated sandy and rocky soils would alter the way that these tree species can capitalize 

on necessary inputs for growth (i.e. heat and moisture). Oak species here grow more in years that 

receive more precipitation on sandstone bedrock type, but not shale (Figure 12 and Figure 13). 

This suggests that the range of water availability and temperature experienced from 1975-2015 

are not limiting oak tree growth for these two species that grow in this region above the Rose 

Hill formation shale bedrock type. On the contrary, positive correlations between seasonal 

precipitation and the growth of oak trees on the sandstone bedrock type suggest that these 

species are in-part limited by available moisture.  

 This research provides evidence that the properties of these neighboring bedrocks impose 

different belowground moisture environments substantial enough to impact tree growth of two 

canopy dominant trees. This is in line with examinations of nutrient availability in Critical Zone 

research where bioavailable phosphorous were found to be negligible between the two bedrock 

types (Marcon et al. 2021). This response is likely linked to differences from bedrock through 

soil properties such as texture and rock volume from parent material that has been demonstrated 

to cause variable responses to climate in conspecific tree species (Orwig and Abrams 1997, 
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Voelker et al 2008). However, more recently, experiments have demonstrated that trees can 

access water from bedrock and heterogeneity of bedrock types across the landscape leads to 

different responses of trees to moisture stress (Nardini et al. 2020).  

 Northern red oak and chestnut oak growth on sandstone are positively associated with 

precipitation in different seasons. Northern red oak growth was positively correlated with 

precipitation during June, July and August and chestnut oak growth was positively correlated 

with precipitation during the winter months of December, January and February. Northern red 

oak’s climate-growth relationship on sandstone was similar to other studies in the southern 

Appalachian mountains where positive relationships with summer precipitation were identified, 

however a negative relationship with late growing season temperature was also reported (Speer 

et al. 2010). That result could in part reflect an interaction between growth and a generally 

warmer climate of the area much further south than the trees detailed here, be a relic of a 

methodology that identified significance at the less conservative  = 0.1, or both. Research on 

northern red oak trees compiled more broadly across the eastern United States report correlations 

with early to mid-season (May-July) water availability and negative relationships to early 

growing season temperature (LeBlanc et al. 2011). Northern red oak growth in this study did not 

correlate with any temperature windows examined here. Compared to seasonal precipitation 

across the study period, temperature seems to have less seasonal variation between years which 

could play a role or it could be owed to the fact that central Pennsylvania is very close to the 

latitudinal center of the species’ geographic range.  

Somewhat surprisingly, the positive winter precipitation-growth relationship for chestnut 

oak does not match the reported results outlined in the southern Appalachians where growth was 

even more strongly correlated to summer precipitation (Speer et al. 2010). Mismatched seasonal 
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precipitation-growth correlations between the two species here may reflect differences in early 

growing season phenology where chestnut oak could be accessing and capitalizing the moisture 

made available from snow or ice melt leftover from winter precipitation trapped in the 

characteristically rocky substrate of the Tuscarora quartzite formation sandstone. Climate models 

project a future with wetter winters as well as hotter and drier summers in the Northeastern 

United States (Hayhoe et al. 2007) and those condition could favor the growth of chestnut oak 

over northern red oak at the sites examined here. The way that forest life history traits influence 

species response to temperature and precipitation are complex in mixed deciduous forests (Xie et 

al. 2015) and that seems to be the case here as well. 

Conclusion 

 The results presented here highlight two main findings. First, differences in growth rates 

between northern red oak and chestnut oak trees are greater than the hypothesized interactive 

effect of species and bedrock on shale and sandstone at the scale examined here. Despite 

challenges associated with maintaining oak dominance in eastern forests (Fei et al. 2011) 

continued silvicultural efforts on north-north west facing slopes in this region that is focused 

either on wood products or carbon storage would likely benefit from managing northern red oak 

compared to chestnut oak. Regardless of bedrock type, northern red oak basal area increment is 

nearly double that of co-dominant chestnut oak sites from north-west facing midslopes. 

However, it is possible that lower growth rates in chestnut oak may be driven by the effects of 

local competition with neighboring trees which could also be altered through silviculture. 

Second, climate-growth correlations for both species and seasonal precipitation patterns on 

sandstone bedrock types point to drier belowground conditions that likely contribute towards the 

aggregated biomass differences that are expressed between forests on shale and sandstone 
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bedrock type across the region. Results presented here may be useful in earth system ecosystem 

models (ESMs) that incorporate processes from the atmosphere, land surface and 

biogeochemical cycles. This type of work could be particularly relevant as ESM models strive to 

increase in spatial resolution (Flato 2011). Additionally, results from this study suggest that dry 

belowground differences of bedrock have not negatively influenced the contemporary growth 

(1975-2015) of these under the climate conditions experienced thus far. 
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S7. Cross dating descriptive statistics for tree-ring data derived from Northern red oak and 

Chestnut oak on shale and sandstone bedrock. Summaries and statistics were compiled using 

dplR: Dendrochronology Program Library in R (Bunn et al. 2024). 

 Northern red oak Chestnut oak 

Shale   

Number of dated series 49 50 

Number of measurements 4,965 4,843 

Average series length (years) 101.33 96.86 

Years included  1865 - 2018 1866 - 2017 

Mean series intercorrelation (st.dev) 0.617 (0.116) 0.499 (0.149) 

Mean sensitivity (raw data) 0.207 0.227 

Sandstone   

Number of dated series 43 28 

Number of measurements 4,139 3,116 

Average series length (years) 96.26 111.29 

Years included  1882 – 2016 1783 - 2016 

Mean series intercorrelation (st.dev) 0.583 (0.101) 0.402 (0.165) 

Mean sensitivity 0.192 0.201 
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S8. Species present within plots included in this study and the percentage of basal area by 

bedrock type. 

 Shale Quartzite 

Species Basal Area (m2/ha) Rel. BA (%) Basal Area (m2/ha) Rel. BA (%) 

Acer pensylvanicum <0.1 <1 0.1 <1 

Acer rubrum 0.1 <1 1.4 4.6 

Acer saccharum 2.1 6.7 0 0 

Amelanchier spp. 0.2 <1 0.2 <1 

Betula allegheniensis 0 0 0.3 <1 

Betula lenta 0.2 <1 6.2 20.1 

Carya glabra 0.1 <1 0 0 

Carya ovata <0.1 <1 0 0 

Carya tomentosa 0.3 <1 0 0 

Fagus grandifolia <0.1 <1 0 0 

Fraxinus spp. 0.1 <1 0 0 

Nyssa sylvatica <0.1 <1 1.5 5.0 

Ostrya virginiana 0.3 <1 0 0 

Pinus strobus 2.8 8.7 1.3 4.1 

Pinus virginiana 0.3 <1 0 0 

Quercus alba 2.9 9.0 1.3 4.4 

Quercus prinus 7.4 22.8 7.6 24.6 

Quercus rubra 14.2 43.7 8.6 28.1 

Quercus velutina .4 1.3 0 0 
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Chapter 4 

 

Carbon dynamics of forests on north facing midslopes underlain by shale and sandstone 

bedrock type demonstrate resistance and resilience to drought while patterns at wider 

spatial scales exhibit great variability  
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Abstract: 

 Large variations in forest carbon storage and uptake are driven by many environmental factors 

that vary across space and time. Bedrock types influence the forest substrate that alters a forest’s response 

to potential stressors such as droughts. This study compares the reconstructed accumulation of live 

aboveground forest carbon over the period of 1975-2015 on north facing midslope positions underlain by 

shale and sandstone bedrock types in the central Appalachian Ridge and Valley, a period that experienced 

three moderate to severe droughts. Forest carbon storage and accumulation on the two bedrock types 

across elevation, aspect and terrain positions are used to contrast the variability of forest carbon dynamics 

across space and time. Forest carbon accumulation was resistant and resilient to the three most severe 

drought years over the study period in 1991, 1999 and 2001. Average rates of carbon accumulation and 

the average interannual variability over the 40-year period were not different for oak forests growing on 

shale or sandstone bedrock types on north facing positions. Carbon accumulation in forests growing 

above sandstone slightly increased over the study period. Forest carbon accumulation over the wider 

spatial area was negatively correlated with increasing elevation, which tended to be on sandstone bedrock. 

Forest carbon accumulation over a 40 year period on the single terrain position of north facing mid-slopes 

on shale and sandstone was stable (average of 1.54 and 1.52 Mg/ha/year respectively) even under drought 

conditions compared to the variability that exists across space over shorter time periods of four to eight 

years. 

 

Introduction: 

 Forests uptake an equivalent of more than 14% of the CO2 produced by the United States on an 

annual basis and have the potential to uptake a greater share of these climate-changing emissions (Domke 

et al 2020). Forests in the eastern United States are responsible for a large portion of this carbon emission 

mitigation due to natural forest regrowth from past land clearing (USGCRP, 2018). Environmental factors 
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such as weather and climate can influence interannual variations of ecosystem carbon dynamics in eastern 

deciduous oak forests, a common and important forest type in the region (Barford et al. 2001, Xie et al. 

2014). Additionally, variations in geomorphic features are known to have differential effects on 

ecosystem structure and function at multiple spatial and temporal scales (Swanson et al. 1988). There is 

considerable interest from scientists, policy makers and forest managers to understand where and how the 

variability of forest carbon accumulation exists to maximize the terrestrial carbon sink (Cook-Patton et al. 

2020).  

Complex mountainous terrain can exert strong controls on forest function (Zald et al. 2016). 

Variations in bedrock properties can have large influences on forest and the terrestrial carbon that they 

store (Morford et al. 2011, Hahm et al. 2014, Reed and Kaye 2020). Lithologic properties of bedrock 

influence topography as well as nutrient and water availability, three factors that have the ability to 

control vegetation productivity (Ott 2020). Variations in bedrock types across mountainous landscapes 

influence the response of trees to extreme drought that lead to spatial and structural forest heterogeneity 

(Nardini et al. 2020). In the central Appalachian Mountains of the mid-Atlantic U.S.A., oak forests 

growing above shale bedrock are storing and accumulating more carbon than those on sandstone (Reed 

and Kaye 2020).  

Many abiotic features such as topography vary across bedrock types and forested landscapes of 

the Ridge and Valley of the Appalachian Mountains. Forest structure can differ by terrain position along 

hillslopes, with carbon storage generally increasing from ridges to toeslopes or from higher to lower 

elevation (Boldstad et al. 2001, Swetnam et al. 2017, Brubaker et al. 2018). Other topographic features 

such as aspect can have significant effects on forest productivity and depending on the temperature and 

moisture limitations of a forest ecosystem the relationship between productivity and aspect varies (Smith 

et al. 2016, Swetnam et al. 2017, Kobler et al. 2019). Improving the understanding of how forests vary 

across different bedrock types in relation to topography could aid the management of forests and the 

resulting ecosystem services they provide including the storage and uptake of atmospheric carbon. 



65 
 

While there is potential for forests to mitigate the impacts of anthropogenic climate change 

through carbon uptake, climate induced impacts from extreme weather and disturbances pose 

considerable risks to the productivity and permanence of forests (Rustad et al. 2012, Anderegg et al. 

2020). Forests are increasingly impacted by droughts globally (Allen et al. 2010). Even forests of the 

humid eastern deciduous region of the United States can be impacted and effects can be diverse, ranging 

from reductions in growth to drought induced tree mortality (Demchik and Sharpe 2000, Voelker et al. 

2008, Brzostek et al. 2014, Au et al. 2020). Many questions remain about which parts of the landscape in 

the eastern United states may see the most reduction in growth as conditions are likely to shift towards 

drier and hotter growing seasons that can limit soil available water content (Hayhoe et al. 2007, Clark et 

al. 2016, Xie et al. 2014).  

Belowground properties such as bedrock-mediated soil texture, nutrient availability and water 

holding capacity vary across complex landscapes and are underrepresented in our understanding of how 

forests respond to drought (Phillips et al. 2016). Trees of the eastern U.S. can exhibit differential growth 

rates and responses to droughts depending on the soil water availability of sites that they occupy and 

species responses are complex (Orwig and Abrams, 1997, Anning et al. 2013, Kannenberg et al. 2018). 

Parent material has the ability to create poor site conditions for red oaks of the Midwest that can lead to 

growth declines in response to drought (Volker et al. 2008). The resistance and resilience of tree growth 

to drought, or the degree to which tree growth is impacted compared to pre- and post-drought conditions, 

has been highlighted as an important metric to identify forests that are potentially vulnerable to drought 

(D’Amato et al. 2013, Merlin et al. 2015, Meyer et al. 2020). Regionally, differences in growth rates 

between forests are attributed to bedrock mediated site properties between shale and sandstone in oak 

dominated forests of the central Appalachians (Reed and Kaye 2020). Trees with more vigor tend to be 

more resilient to droughts (Camarero et al. 2018, Hereş et al. 2018) and therefore forests subjected to 

droughts on shale may be less impacted in regards to their carbon storage and accumulation than 

neighboring forests on sandstone in the Ridge and Valley of the Appalachians. Considering evidence that 
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small scale (i.e. watershed) variations in forest carbon dynamics can be quite large (Smith et al. 2016) 

multiple sources of data at different scales may be best suited to quantify variations in forest growth 

across mountainous topography. 

The fusion of forest inventory data and tree-ring measurements has been helpful in detecting 

patterns in forest growth and provides context from longer time scales compared to recent trends (Biondi 

1999). Reconstructions of forest carbon uptake from tree rings produce similar estimates compared to 

forest census data and offer the benefit of illuminating the interannual variability in patterns of forest 

carbon accumulation while extending our view into the more distant past (Dye et al. 2016, Kleese et al. 

2016). Longer-term records of forest growth at annual resolution from tree rings can be a tool to examine 

the impacts of annual climate variations (such as drought) on forest productivity, but the time and labor 

required for these measurements may limit their spatial extent (Teets et al. 2018, Xu et al. 2019). Pairing 

tree-ring derived estimates of productivity with more spatially extensive forest inventories offers an 

opportunity to ask questions about the influence of bedrock type, complex terrain and annual climate 

variability on temporal and spatial dynamics of forest carbon storage and accumulation.  

The main goals of this research are to compare the effect of bedrock type and drought on decades 

of forest carbon accumulation rates in the central Pennsylvanian Appalachian Ridge and Valley. The use 

of tree-ring reconstructions of carbon accumulation permits me to analyze how forests growing on shale 

and sandstone bedrock have responded to three individual drought years over the contemporary growth 

period between 1975-2015 as well as compare trends in interannual variability of forests as carbon 

accumulators. Estimates of carbon accumulation from tree rings at the forest level are relatively novel 

because they utilize historical growth of all trees in a stand rather than a subset of individuals that tend to 

be more climate sensitive trees. The selection of climate sensitive trees to infer the impact of climate on 

tree growth compared to more spatially unbiased methods in dendroclimatological research can over 

inflate climate-growth relationships of forests (Kleese et al. 2018). Furthermore, research on the impacts 
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of drought in the eastern United States has typically lacked information reflecting stand scale drought 

response, which more closely mimics the scale at which forest are managed (Clark et al. 2016). 

 In this study, longer term estimates of forest productivity from tree rings at specific topographic 

locations are considered in relation to the variability in forest growth derived from repeated inventories at 

coarser temporal resolution over a shorter time period and at wider spatial scales from inventory data 

sources to assess how they vary. Specifically, the research questions outlined here are 1.) Do forests 

growing above shale uptake carbon at a faster rate compared to forests on sandstone on similar aspects 

and slope positions considering growth from 1975-2015? 2.) Is forest growth above shale bedrock more 

resistant and resilient to drought compared to forest growing on sandstone? 3.) Do forest carbon storage 

and accumulation differ from ridgetop to toeslope position when bedrock type is considered? 4.) How do 

elevation and aspect interact with forest carbon storage and accumulation on shale and sandstone bedrock 

types in local region? and 5.) Does considering data at multiple temporal and spatial scales contribute 

novel understanding of patterns of forest growth and response to drought in this region? The results 

presented here contribute towards a broader understanding on the impact of bedrock type on forest growth 

and better fill spatial and temporal gaps in understanding about the potential impact of belowground 

properties in forest response to drought.  

 

Methods: 

Study Area: 

This study takes place in Centre and Huntingdon County Pennsylvania, situated in the Ridge and 

Valley of the Appalachian Mountains of the mid-Atlantic. Forests were sampled in the Rothrock State 

Forest that is managed by the Pennsylvania Department of Conservation and Natural Resources and the 

Stone Valley Forest that is managed by the Pennsylvania State University. The climate at the 

Susquehanna Shale Hills Critical Zone Observatory (SSCZO), a centrally located and well-studied 
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reference point for the all of the study sites detailed here, is characterized as humid continental with an 

average annual temperature of 9.4° C and an average annual precipitation of 1016 mm over the study 

period (Wang et al. 2016). Much of the upland forested mountains are underlain by Paleozoic 

sedimentary rock types classified as shale and sandstone. The two formations of focus in this study are the 

Silurian-aged Rose Hill shale and the Tuscarora quartzite. The Rose Hill is an iron-rich and organic-poor 

formation (Dere et al. 2016) and the Tuscarora quartzite is an orthoquartzitic sandstone (Li et al. 2018). 

These rock formations will be referred to as shale and sandstone in this chapter. For sites containing field 

data that I collected within this study, soils on shale are classified as Weikert series (silt loam) and soils 

on sandstone sites are classified as Hazelton series, (gravely/sandy loam). The shale-derived soils are 

higher in magnesium, calcium, sulfur, and potassium compared to sandstone sites; however, phosphorus 

concentrations are higher in sandstone derived soils (Hill, 2016). For forest inventory sites that were 

sampled by the Pennsylvania Bureau of Forestry in the wider area, soils likely reflect a similar 

composition to those outlined above as soil properties and texture in the area are linked to the underlying 

bedrock and parent material (Ciolkosz et al. 1990) and here I focus on just two specific bedrock 

formations. 

 

Field and Laboratory Methods: 

Data sources and objectives 

 This study uses three data sources: tree rings, Critical Zone Observatory forest inventories, and 

the Pennsylvania Department of Conservation and Natural Resources Bureau of Forestry forest 

inventories to examine the spatial and temporal trends of forest carbon storage and accumulation of 

forests growing on the two bedrock types. Data derived from tree rings are used to reconstruct long term 

patterns of carbon uptake, impacts of drought, and the interannual variability of forest growth on shale 

and sandstone bedrock type north facing midslopes. Forest inventory data are analyzed here to broaden 
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the scope of inference outside of specific hillslope and aspects on the two bedrock types. Forest inventory 

data from north slopes in two Critical Zone Observatory watersheds are used to examine the impact of 

hillslope position (ridgetop, midslope and toeslope) on forest carbon storage and uptake in relation to 

bedrock type. Additionally, forest inventory data at a wider spatial scale are examined for trends in forest 

carbon dynamics across elevation gradients and expand our understanding of the impact of north and 

south facing aspects (Figure 14). 

 

Figure 14. Map of study locations and data sources in the Rothrock State Forest and the Stone Valley 

Forests of the central Pennsylvanian Appalachian Ridge and Valley. Shale Hills Critical Zone 

Observatory is located at 40° 39’ 52.29” N, 77° 54’ 18.34” W. 
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Tree-ring reconstructions 

Field sites for tree-ring based reconstructions of carbon accumulation in this study were selected 

as a part of a larger field sampling design aimed to isolate the impact of bedrock type on forest growth 

and biogeochemistry (Hill 2016, Marcon et al. 2021). To keep as many factors as possible the same 

between forests sampled on the two bedrock types, north to northwest facing midslopes on the two 

formations of interest were identified using the Geological Map of Pennsylvania in ArcMap 10.5.1 (Berg 

et al. 1980, Miles and Whitfield 2001, Hill 2016). All tree-ring reconstruction plots are within 15 km of 

the Shale Hills CZO. To select plot locations in an unbiased manner I generated randomized points using 

ArcMap on the identified midslope hillsides. Sampled plots were within the interior forest and lacked 

visual signs of human and natural disturbance (i.e. trails, recent logging, windstorms). I recorded 

topographic characteristics in the field (elevation, aspect and slope) at each of the plots. Aspect and slope 

angles were relatively similar for both bedrock types. Similar to the trend across the landscape at larger 

scales (Reed and Kaye 2020), plot elevation tended to be higher at sites on sandstone than on shale (Table 

8). 

At the randomly selected locations I established 314.2 m2 circular plots in which all trees with a 

diameter at breast height (DBH) were identified to species, DBH was measured and recorded to document 

forest structural conditions within each plot. Each individual tree was assigned a tree crown class of 

dominant, codominant, intermediate or suppressed based on a visual assessment in relation to its 

neighbors. Two increment cores were extracted from each tree in the plot that had a DBH >10 cm 

between summer of 2016 and spring of 2019. Trees were cored on each side parallel to the hillslope 

contour to avoid reaction wood at ~1 – 1.37 meters high.  

Cores were then air dried for at least 3 days and glued onto mounts. Cores were sanded using a 

belt sander with progressively finer sandpaper from 220 – 400 grit. After sanding, cores were visually 

dated from the outermost fully developed ring inward and annual rings measured to the nearest 0.01 mm 

using a movable stage and Velmex measuring system. Cores were statistically crossdated using the 
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program COFECHA (Holmes, 1983). Not all trees from every plot visually or statistically crossdated well 

with plot level tree-ring series due to poor ring visibility and suppressed growth rings. This was 

particularly common in ring porous species such as red maple (Acer rubrum L.) black birch (Betula lenta 

L.) and black gum (Nyssa sylvatica Marsh.) often found in suppressed canopy positions in these forests. 

When a majority (50% or more, but often more) of the cores sampled from a plot were unable to 

statistically (low or negative site level correlations between trees) and visually cross date (unclear ring 

boundaries), plots were deemed undatable and not included in this analysis. Of the 27 plots that were 

sampled, nine plots on shale and six plots on sandstone had greater than 50% of the cores crossdating and 

were used in this analysis. A limitation to this crossdating threshold is that plots with more suppressed 

growth are not included in this analysis, which may bias the results with faster than average growing 

stands. Following crossdating, annual ring widths from the two core samples from an individual tree were 

averaged and the reconstructed radius was used to calculate tree diameters through time. I focused on the 

contemporary period from 1975 – 2015 to highlight modern trends in forest growth as well for the fact 

that all of the trees measured at the time of  
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Table 8. Forest and topographic metrics of tree-ring sample plots growing on the Rose Hill shale (n = 9) and the Tuscarora quartzite sandstone (n 

= 6). Species ordered in rank of dominance by site. Live carbon stored (Mg/ha) is at the time of plot sampling (2016 – 2019). Inter-series 

correlation represents the strength of crossdating among tree-ring series within a plot for the entire tree-ring record.  

Plot Bedrock 

type 

Relative species composition by biomass (trees ≥ 10cm) Live carbon stored 

(Mg/ha) 

Elevation 

(m) 

Slope 

(%) 

Aspect 

(°) 

Number of 

trees 

Inter-series 

correlation 

CW1 Shale QUAL (46%), QUPR (22%), QUVE (14%), QURU (12%),  ACSA (6%), 94.9 311 14 346 17 .407 

CW2 Shale QURU (50%), QUPR (40%), QUAL (10%), 80.5 305 12 323 17 .509 

MAS2 Shale QURU (44%), QUAL (19%), PIST (14%), PIVI (13%), QUPR (7%), 

QUVE (2%), CAGL (1%) 

75.7 266 12 344 14 .488 

MAS3 Shale QUAL (61%), CAOV (14%), CAGL (12%), CATO (11%), JUVI (1%), 

QUPR (1%) 

70.6 251 17 339 15 .517 

SAS1 Shale PIST (53%), QUPR (38%), QURU (5%), BELE (4%) 119.9 333 16 320 13 .395 

SH1 Shale QUPR (75%), QUAL (12%), QURU (9%) ACSA (2%), Am. spp (>1%), 

PIST (1%) 

99.2 294 23 345 11 .472 

SH2 Shale QURU (89%), ACSA (11%) 173.5 281 19 350 16 .213 

SH3 Shale QURU (92%), ACSA (8%), CAOV (>1%) 181.1 269 16 359 9 .359 

SP1 Shale QURU (64%), QUPR (20%), QUAL (9%), CATO (6%), Am. spp (1%) 94.8 336 9 353 12 .403 

GM3 Sandstone QURU (56%), QUPR (20%), BELE (15%), ACRU (9%) 165.2 408 7 330 9 .225 

GR2 Sandstone PIST (51%), QUPR (32%), BELE (14%), NYSY (2%), ACRU (1%) 91.7 572 20 331 12 .139 

LIT1 Sandstone QURU (44%), BELE (30%), QUPR (26%), ACRU (1%) 79.9 645 28 330 18 .314 

LIT5 Sandstone QUPR (73%), BELE (11%), TSCA (9%), ACRU (5%), ACPE (1%) 150.0 623 35 340 21 .222 

LIT6 Sandstone QURU (84%), QUPR (8%), BELE (7%), ACRU (1%) 111.1 607 26 337 14 .422 

RR1 Sandstone QURU (49%), QUAL (23%), QUPR (20%), NYSY (7%), ACRU (1%) 123.1 509 6 333 8 .184 
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sampling typically had solid cores and lacked heart rot through that time period. Carbon accumulation 

estimates reconstructed from tree-rings over 1975-2015 were derived from 207 trees of 17 different 

species containing 7,846 annual radial growth measurements (Table 8). 

 

Shale Hills and Garner Run Critical Zone Observatory 

 Forest data presented here from the Shale Hills and Garner Run subcatchments of the Shaver’s 

Creek Watershed were collected as a part of the Critical Zone Observatory designed to understand 

interactions among bedrock, water, energy, gas, solute and sediments as well as to facilitate cross-site 

comparisons between lithology (Brantley et al. 2018, Li et al. 2018). At Shale Hills (shale bedrock type), 

all trees with a DBH greater than 20 cm were tagged with a number for relocation, identified to species, 

and DBH was recorded in 2008 within the 8.53 ha catchment (Smith et al. 2016). All tagged stems were 

mapped in a GIS. In the fall of 2016 trees were revisited and DBH was measured and recorded. To 

compare the effect of hillslope position on forests across bedrock types in this study, I used ArcMap to 

generate transects across the watershed in a similar fashion to Brubaker et al. 2018 at the ridgetop, 

midslope and toeslope. Because only part of the Garner run watershed had all hillslope locations sampled 

across the watershed I focused only on the north facing aspect here. Five transects were drawn 50 meters 

in length parallel to the contour from west to east, and buffered by 5 meters on each side to mimic that of 

the forest sampling design in Garner Run. Transects at Shale Hills covered an area of 500 meters squared 

covering an area of 0.75 ha of the 8.5 ha watershed. 229 trees within the transects were used in the data 

analysis. 

 The forest inventory at the Garner Run watershed was collected in a different manner compared 

to Shale Hills due to the much greater size of the size of the watershed (134 ha). The initial forest 

inventory was collected in the summer of 2014. To consistently capture variations across the watershed, 

three transects were utilized in this analysis from the toe-slope, mid-slope, and ridge-top of the northern 
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aspect of the watershed. As above, only transects on the north aspect are considered due to a lack of 

available data on ridgetop and toeslope positions on the south aspect of Garner Run. Multiple connected 

transects 10 meters wide by 100 meters long were run parallel to the contour encompassing a sample area 

of 3.1 ha in total. All trees with a DBH greater than 10 cm were identified to species, measured and 

recorded (Brubaker et al. 2018). The second forest inventory took place in the early to mid-spring of 

2019, before trees were leafed out. Additionally, to keep the diameter measurements the same as at Shale 

Hills, only trees greater than 20 cm were used in carbon calculations. Eight hundred and forty trees within 

the transects were used in the data analysis. 

 

Pennsylvania DCNR Forestry Inventory 

The Pennsylvania Department of Conservation and Natural Resources Bureau of Forestry 

maintains a continual forest inventory of forests growing within Pennsylvania State Forest land that is 

established to proportionally represent the major forest community types within the region and provide 

basic biological data on growth, mortality, structure, volume and change of public forest land. The 

sampling strategy of the inventories ensures that permanent plots are maintained and sampled multiple 

times, as well as continually adding newly established forest plots to inform short- and long-term forest 

management (PA DCNR, 2010). Within the inventories, all trees with a DBH greater than 11.4 cm are 

measured and identified to species within 810.6 m2 circular plots. As a part of the continual forest 

inventory design, the DCNR also records site description metrics at each plot. Terrain position is recorded 

in the field in reference to hillslope position based on seven categorical options and I classified them as 

closely as possible into three groups (ridgetop, midslope and toeslope) in an attempt to compare forests 

from this dataset with the Critical Zone sites. 

The location of the plot centers is recorded in the field using a GPS. Coordinates of the inventory 

plot centers were mapped on to the geological map of Pennsylvania (Berg et al. 1980; Miles and 
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Whitfield, 2001). Plots included in this study were selected based on multiple criteria to ensure that the 

abiotic characteristics of the forest would be similar to the other sampling strategies outlined in this study. 

First, forests that were located on top of either shale or sandstone (the same bedrock types as the CZO 

sites and tree ring plot network) were selected. Second, to ensure that the climate and other local features 

were similar, I selected forests within a 30 km radius around the Shale Hills CZO research site (Figure 

14). Plots were included in the dataset if they were not deemed disturbed in the inventory (i.e. field crews 

did not consider plots disturbed even when some trees within them died). This selection process yields a 

total of 36 different forest plots with at least 2 inventory measurements from the most recently available 

measurement cycles and were 81-138 years old (sandstone n = 14, shale n = 22). I compared growth data 

for the most recent measurements cycles that took place in 2006 and 2012 because only 4 plots also had 

earlier measurements. Elevation and aspect of each plot were derived from digital elevation models in 

ArcGIS. Aspect was very broadly defined as north (271-90°) and south (91-270°) facing for each plot. 

 

Data Analysis: 

Carbon accounting: 

 To account for the amount of carbon that is stored and accumulated from these forest 

measurements several steps are required. For all trees at each sampling period, I estimated the amount of 

individual whole tree biomass (all of the tree material aboveground) using species group allometric 

equations (Jenkins et al. 2003) and then scaled them to carbon assuming a 48% carbon content of 

broadleaved trees in temperate forests (IPCC, 2006). Live aboveground storage was calculated as the sum 

of the carbon content in all live trees divided by the area sampled to produce values in Megagrams of 

carbon per hectare (Mg/ha). Carbon accumulation at the plot, or stand level (in the case of the two CZO 

sites) was calculated as  

Carbon accumulation = Δ carbon storage / Δ time 



76 
 

which produces values in Megagrams of carbon per hectare per year (Mg/ha/year). To capitalize on the 

temporal resolution of tree-ring derived estimates, carbon uptake is calculated on an annual basis. At the 

Shale Hills site, carbon uptake is calculated over eight years while Garner Run is calculated over a period 

of 4.5 because initial forest measurements were recorded mid growing season. All Bureau of Forestry 

uptake data are calculated at a six-year interval. For clarity, I use the terms “store” and “storage” to 

represent aboveground carbon stock and “accumulation” and “uptake” to represent net live aboveground 

carbon accumulation rate.  

 

Drought: 

 To investigate the impact of drought on the carbon uptake of forests growing on shale and 

sandstone bedrock type I identified known drought years using the Palmer Drought Severity Index (PDSI) 

that couples temperature and precipitation on a monthly basis (Palmer, 1965). PDSI was aggregated for 

the months of May – September to isolate the growing season. On the PDSI scale, negative values 

represent dry periods, where values -1.00 to -1.99 represent a mild drought, -2.00 to -2.99 represent a 

moderate drought, -3.00 to -3.99 represent a severe drought and ≤ -4.00 represent an extreme drought 

(Palmer 1965). In the study period of 1975-2015 three droughts that ranged from moderate to severe 

occurred in the years 1991, 1999 and 2001 (Figure 15).  

 To quantify and compare the impact of drought on the rate of forest carbon accumulation, I 

calculated modified metrics of drought resistance and resilience as an index following D’Amato et al. 

2013 where: 

 Resistance is defined as the ability to experience a drought without a change in growth increment 

and is calculated here as: 

Droughtreisistance = ΔC (in the year of drought)/ΔC(average Δ C in the 5 years prior to drought) 
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and 

 Resilience is defined as the ability to return to pre-drought growth and is calculated as: 

Droughtresilience = Δ C(average 5 years post drought)/Δ C(average Δ C in the 5 years prior to drought) 

Calculated index values for both measures of drought impact that are greater than or equal to one are 

interpreted as resistant or resilient while values below demonstrate a degree of vulnerability. Index values 

in this case are calculated at the plot level. Definitions and metrics of drought resistance and resilience 

were chosen following similar methods for basal area increment in D’Amato et al. 2013. 

 

 

 

 

Figure 15. Average growing season (April – September) Palmer Drought Severity Index from 1975-2015 

for Pennsylvania’s Region 8 that encompasses the forests detailed in this study. Drought years are labeled 

within the study period and are identified as having an average PDSI value below the threshold of -2. 



78 
 

Droughts are classified as moderate (below -2, yellow), severe, (below -3, orange) and extreme (below -4, 

red). 

 

Statistical Analysis: 

Longer temporal patterns of forest carbon uptake: 

 To compare the effect of bedrock type on carbon accumulation between forests growing on shale 

and sandstone I fit linear mixed effects models on reconstructed carbon uptake with sample plot as a 

random effect using the nlme package (Pinheiro et al. 2018) in R (R Core Team, 2018). To account for 

the impact of the prior growing season on the current year’s growth and the time series nature of tree ring 

data I incorporated an autocorrelation structure with a 1-year lag. To test for appropriateness of 

incorporating the autocorrelation structure into the model, I compared AIC values of the models fit with 

and without the AR-1 structure. AIC values were lower when the autocorrelation structure was 

incorporated (242.4 vs 368.4). Model fit and assumptions were finally confirmed after plotting the fitted 

vs standardized residuals. Statistical significance is considered when  = 0.05. To quantify the interannual 

variability of forest carbon uptake I calculated the coefficient of variation over the study period for each 

plot and compared them by bedrock type using two-sided t-test using the tree-ring data. To illuminate 

potential increasing or decreasing trends through time in forests I conducted a simple linear regression on 

the average reconstructed annual carbon uptake from tree rings with year over the sampling period for 

forests on each bedrock type. 

To investigate the impact of the three growing season droughts in terms of the resistance and 

resilience of forests I utilized one sided t-tests. I assumed a mean of one on the resistance and resilience 

index values for forests both forests growing on shale (n = 9) and sandstone (n = 6) bedrock types for the 

drought years of 1991, 1999 and 2001.  values in drought analyses were corrected for multiple 

comparisons using a Bonferroni correction because I conducted the repeated tests on the same datasets 
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over three droughts and two bedrock types. To contextualize the climate in terms of growing season PDSI 

in the study period (1975-2015) to the remainder of the existing record (1895-1974) I performed a two-

sided t-test on PDSI data from the two sample periods. 

 

Spatial patterns of forest carbon storage and uptake 

 To explore the variability across hillslope position, bedrock type and their interaction for forest 

carbon storage and uptake I conducted an analysis of variance using the glm function in R using forests 

from the Shale Hills and Garner Run Critical Zone Observatory. Each transect across the hillslopes was 

considered a replicate ranging from 5 to 14 belt transects per bedrock terrain position combination from 

the two CZO sties. For significant differences of carbon storage and uptake, a post-hoc Tukey Honest 

Significant Difference test to determine which bedrock and slope positions are different from each other. 

Additionally, to contrast the impact of aspect and bedrock type on forest carbon storage and uptake I 

conducted an analysis of variance on forest carbon storage and uptake from forests growing on the Rose  

Hill formation shale and the Tuscarora quartzite formation sandstone using the 36 forest inventory plots 

from the 30 km buffer region of the CZO.  

 

Study Limitations 

The forest biometrics presented within this study, like all measurements, have limitations for 

representing the complex biological world. The tree ring plot networks include an inherent bias towards 

sites dominated by oaks (Table 8) rather than diffuse porous species because of the difficulty identifying 

ring boundaries. Fifty-six percent of the 27 cored plots were reliably crossdated and included in carbon 

reconstructions. Shale plots tended to crossdate better, and 75% of the 12 plots are included compared to 

40% of the 15 on sandstone. For this study, I measured all trees within a fixed area plots in mixed species 
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eastern deciduous forests and still include data from 17 different species. Oaks (Quercus rubra L., 

Quercus prinus L., Quercus alba L.) dominate the forest biomass on shale and sandstone bedrock types 

across the region (Reed and Kaye 2020), and despite this oak heavy sampling bias this research still offers 

a deeper look into how forests carbon dynamics function as a single unit on the two bedrock types of 

interest. 

This study focuses only on the live aboveground biomass portion of the carbon in a forest 

ecosystem. It is important to acknowledge that the belowground components of forest ecosystem carbon 

such as soil organic carbon as well as fine- and coarse-roots are omitted from these quantifications and 

can proportionally contain more than half of the total forest carbon stock (Domke et al. 2017). 

Additionally, because this study focuses on bedrock type it is also important to note that geology can play 

a role in mediating soil organic carbon stocks (Barré et al. 2017, Angst et al. 2018) and those could differ 

across landscapes dominated by shale and sandstone bedrock as well.  

To estimate forest carbon, I rely on the use of species group allometric equations to predict 

biomass from DBH alone that were not derived from local sites (Jenkins et al, 2003). While this 

methodology is widely used in carbon accounting for many scientific and applied forestry projects it may 

exclude allometric details associated with site- and species-specific local tree growth studied here. In a 

study estimating forest carbon at the local Shale Hills CZO, Smith et al. 2017 attributes a 10% uncertainty 

of biomass estimates from the product of measurement, model prediction, and model selection and can be 

relied on as a conservative estimate for the results presented here. 

  

Results: 

Tree-ring reconstructions 

 Forest growing on north-facing midslope positions on the Rose Hill formation shale and the 

Tuscarora quartzite sandstone did not differ in the amount of carbon they stored (t = -0.32662, df = 
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12.649, p = 0.75) in the years that forest were sampled from 2016-2019. Forests growing on shale store 

113.7 Mg/ha (± 14.4 SEM, n = 9) while forests growing on sandstone store 120.2 Mg/ha (± 13.5 SEM, n 

= 6). Over the period of 1975-2015 forests on the two bedrock types also accumulated carbon at the same 

rate (f = 0.01051, df = 13, p = 0.92) (Figure 16). The average carbon accumulation rate for forests on 

shale was 1.52 Mg/ha/yr (± 0.03 SEM) while the average carbon accumulation rate for sandstone was 

1.54 Mg/ha/yr (± 0.03 SEM). The two bedrock types experienced their highest and lowest carbon 

accumulation rates in different years. Forests on shale accumulated the most carbon in 1999 (1.97 

Mg/ha/yr ± 0.27 SEM) and the least in 1981 (0.98 Mg/ha/yr ± 0.13 SEM). Forests growing above 

sandstone experienced the most productive year in 2014 (1.93 Mg/ha/yr ± 0.29 SEM) and the least in 

1980 (1.00 Mg/ha/yr ± 0.15). At the plot level, forests on both bedrock types saw a wide range of carbon 

accumulation rates through the study period. In fact, average annual estimates between the lowest and 

highest accumulating plots within each bedrock type on average differed by 219% and 169% for shale 

and sandstone respectively (S9). The interannual variability of carbon accumulation between bedrock 

types described by the average plot level coefficient of variation over 1975-2015 was not different 

between forests growing on shale (18.1% ± 1.82 SEM) and sandstone (20.4% ± 2.2 SEM) bedrock types 

(t = -0.82424, df = 10.98, p = 0.43). Over time, there was no increasing or decreasing trend of forests 

carbon uptake on shale (p = 0.36, R2 = 0.00). However, forests growing on sandstone had a slight 

increasing trend in forest carbon uptake over the study period (p = 0.0001, R2 = 0.31). 
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Figure 16. Average carbon accumulation rates of forests growing on shale (n = 9) and sandstone (n = 6) 

bedrock types in Rothrock State Forest and Stone Valley Forest. Error bars of annual uptake values 

represent standard error of the mean. Dashed vertical lines represent the mild-moderate drought years of 

1991, 1999 and 2001. 

  

 Carbon accumulation rates during the moderate to severe drought growing seasons were similar 

or higher than overall average accumulation rates over the study period examined for forests on both 

bedrock types. Forests on shale accumulated 1.53 (± 0.19 SEM), 1.97 (± 0.27 SEM), 1.54 (± 0.17 SEM) 

Mg/ha of carbon while forest on sandstone accumulated 1.40 (± 0.26 SEM), 1.67 (± 0.27 SEM), 1.57 (± 

0.23 SEM) Mg/ha of carbon in the years of 1991, 1999 and 2001, respectively (Figure 16). During the 

drought years, forests on both bedrock types were resistant and resilient to droughts (Table 9 and Table 

10). During the drought of 2001 forest on shale had the lowest resistance and resilience metrics and 

sandstone had equally low metrics in 1991 and 2001, however, even for the most severe drought metrics 

differences of the index values were not statistically different from 1. Further analyzing the data, three 

consecutive years 1999, 2000 and 2001 all had PDSI values growing seasons with mild to severe droughts 

(PDSI: -3.03, -1.70, -2.29 chronologically) and still the average carbon accumulation over that period was 
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equal to or higher than the study period average for both shale and sandstone (1.74  0.13 and 1.56  0.06 

respectively). Considering the correlation between growing season PDSI and annual carbon 

accumulation, there is no relationship for either shale and sandstone bedrock type (r = -0.0.2, p = 0.89 and 

r = 0.14, p = 0.39 respectively) (S10). Finally, average growing season PDSI during the study period 

(1975-2015) was not different compared to the longer term record (1895-1974) (t = -.95917, df = 82.848 , 

p = 0.34) in the same region. 

  

Table 9. Resistance index values for forests growing on shale and sandstone bedrock type in in Rothrock 

State Forest and Stone Valley Forest during the 1991, 1999 and 2001 droughts. Values  ≥ 1 are considered 

resistant. Statistical significance is set at  < 0.008 to adjust for multiple corrections. 

  Shale Sandstone 

Year PDSI Resistance Index p-value Resistance Index p-value 

1991 -2.82 1.11 (± 0.05) 0.97 0.96 (± 0.06) 0.26 

1999 -3.02 1.28 (± 0.05) 0.99 1.02 (± 0.09) 0.59 

2001 -2.24 0.94 (± 0.03) 0.06 0.96 (± 0.08) 0.32 

 

 

Table 10. Resilience index values for forests growing on shale and sandstone bedrock type in in Rothrock 

State Forest and Stone Valley Forest during the 1991, 1999 and 2001 droughts. Values  ≥1 are considered 

resilient. Statistical significance is set at  < 0.008 to adjust for multiple corrections. 

  Shale Sandstone 

Year PDSI Resilience Index p-value Resilience Index p-value 
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1991 -2.82 1.03 (± 0.04) 0.80 0.96 (± 0.06) 0.90 

1999 -3.02 1.05 (± 0.03) 0.90 1.02 (± 0.09) 0.33 

2001 -2.24 0.95 (± 0.02) 0.04 0.96 (± 0.08) 0.49 

 

 

CZO Sites and Bureau of Forestry Inventories 

 At the CZO sites, there was an interactive effect of hillslope position and bedrock type across the 

hill slope from ridgetop to valley bottom for both forest carbon storage and uptake (p > 0.001 and p = 

0.015 respectively, Table 11). For both shale and sandstone, patterns of forest carbon storage and uptake 

did not increase uniformly from ridgetop to toeslope (Figure 17 and Figure 18). Overall, midslope 

positions in the Shale Hills CZO stored and accumulated the most carbon compared to other bedrock and 

hillslope positions (140.2 [± 14.6 SEM] Mg/ha and 2.38 [± 0.20 SEM] Mg/ha/year, respectively).  

 

Table 11. ANOVA table summaries for forest carbon storage and uptake at the Shale Hills and Critical 

Zone Observatory sites across ridgetop, midslope and toeslope positions on shale and sandstone bedrock 

type. 

ANOVA 

Carbon storage 

 Df Sum of Sq. F-value p-value 

Bedrock  1 16358 44.489 5.42e-08 *** 

Slope position 2 2042 5.554 0.007438 ** 

Bedrock * Slope position 2 3135 8.526 0.000824 *** 

Residuals 40 368   

Carbon uptake 

 Df Sum of Sq. F-value p-value 

Bedrock 1 3.37 2.127 0.153 

Slope position 2 3.29 1.038 0.364 

Bedrock * Slope position 2 14.80 4.671 0.015* 

Residuals 40 63.38   
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Figure 17. Average live aboveground carbon storage (Mg/ha) for forests at the Garner Run and Shale 

Hills CZO sites as well as forests sampled for tree ring-reconstructions. Bar graphs represent CZO sites 

and cross marks represent tree-ring plots. Error bars represent standard error of the mean ( S.E.M.). 

Different letters represent statistically significant differences from a Tukey HSD test at CZO sites. 
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Figure 18. Average live aboveground carbon uptake (Mg/ha/year) for forests at the Garner Run and Shale 

Hills CZO sites as well as forests sampled for tree ring-reconstructions. Squares and triangles represent 

data from the CZO sites and cross marks represent tree-ring plots. Error bars represent standard error of 

the mean ( S.E.M.). Different letters represent statistically significant differences from a Tukey HSD test 

at CZO sites. 

  

In the spatially wider network of plots Bureau of Forestry inventory that is included to capture a 

more broad range of elevation of the local landscape, forests carbon uptake was negatively correlated with 

higher elevation (r = -0.33, p = 0.047) while forest carbon storage was not (r = 0.01, p = 0.95) (Figure 19). 

Forests within a 30-kilometer radius of the Shale Hills CZO did not differ in the amount of carbon they 

stored by bedrock type, aspect or the interaction between the two (all p > 0.05, Table 12, Figure 20). 

Additionally, there was no statistical difference between aspects, or the interaction of aspect and bedrock 
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type for forest carbon accumulation (p = 0.21 and 0.34 respectively). However, average carbon 

accumulation rate for these forests was different on the two bedrock types (p = 0.002, Table 12, Figure 

21). Forest growing on shale bedrock accumulated an average of 1.37 (± 0.23 SEM) Mg/ha/yr of carbon 

live aboveground carbon in relation to sandstone which lost -0.03 Mg/ha/yr (± 0.50 SEM) on average. 

Interestingly, a higher number of plots on shale bedrock type were on more north facing aspects (n: shale:  

= 15, n: sandstone = 4) compared to a higher number of plots on sandstone bedrock on south facing 

aspects (n: shale = 7, n: sandstone = 10) (S11 and S12). Only 9% (2 out of 22) of forests on shale had 

negative carbon accumulation rates compared to 36% (5 out of 14) of the forest on sandstone. Forest 

inventory plots on shale included data from 791 trees while forests from sandstone inventories included 

690 and equates to stem densities of 443.6 stems per ha and 654.8 stems per ha respectively. 

In examining the terrain position of forests on shale and sandstone bedrock type in Rothrock State 

Forests, the majority of forest inventory plots were located on midslope positions (72% and 71%, 

respectively). Because the portion of the local landscape on each bedrock type is primarily in midslope 

locations, the continual forest inventory data do not allow for the comparison of forest carbon 

characteristics across the gradients of ridgetop to valley floor. Additionally, there were no plots on shale 

that captured a ridgetop position (S13). 
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Figure 19. Forest carbon storage (Mg/ha) and uptake (Mg/ha/yr) across an elevation gradient for forests 

on shale and sandstone bedrock types in the Rothrock State Forest. Squares and triangles represent data 

from the Bureau of Forestry Continual Forest Inventory. Correlation statistics are included within the 

plots. The statistically significant negative trendline is included representing the relationship between 

forest carbon storage and elevation.  Cross marks are added to visually represent live aboveground carbon 

storage and uptake to contrast the longer-term tree-ring record with spatially extensive inventory data. 

Colors represent corresponding bedrock type. 

 

Table 12. ANOVA table summaries for carbon storage and uptake in forests growing on north and 

southward aspects on shale and sandstone bedrock types sampled in the Bureau of Forestry Continual 

Forest Inventory. Sandstone * North: n = 4, Sandstone * South: n = 10, Shale * North: n = 15, Shale * 

South: n = 7. 
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ANOVA 

Carbon storage 

 Df Sum of Sq. F-value p-value 

Bedrock  1 444.4 0.5983 0.446 

Aspect 2 2878.6 3.8758 0.059 

Bedrock * Aspect 2 640.9 0.8629 0.361 

Residuals 28 20795.9   

Carbon uptake 

 Df Sum of Sq. F-value p-value 

Bedrock 1 20.011 11.3924 0.002* 

Aspect 1 2.943 1.6754 0.206 

Bedrock * Aspect 1 1.637 0.9318 0.343 

Residuals 28 49.182 1.7565  
 

 

Figure 20. Forest carbon storage (Mg/ha) for forests growing on north and southward aspects on shale 

and sandstone bedrock types sampled in the Bureau of Forestry Continual Forest Inventory. Matching 

letters across the aspect and bedrock combinations represent lack of statistically significant differences. 

Error bars represent one standard error of the mean ( S.E.M.). Sandstone * North: n = 4, Sandstone * 

South: n = 10, Shale * North: n = 15, Shale * South: n = 7. 
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Figure 21. Forest carbon uptake (Mg/ha/year) for forests growing on north and southward aspects on 

shale and sandstone bedrock types sampled in the Bureau of Forestry Continual Forest Inventory. 

Different letters across the aspect and bedrock combinations represent statistically significant differences. 

Error bars represent one standard error of the mean ( S.E.M.). Sandstone * North: n = 4, Sandstone * 

South: n = 10, Shale * North: n = 15, Shale * South: n = 7.  

 

Discussion: 

 Estimates of forest carbon accumulation over the longer-term from tree rings, where aspect and 

hillslope position were held constant, demonstrated that forests on shale and sandstone do not differ in the 

amount of carbon stored, accumulated, interannual variability or their resistance and resilience to drought 

(Figure 16, Table 9 and Table 10). These results are largely contrasted by the large amount of variability 

in the forest carbon dynamics at the plot level over the three data sources considered (45.5 – 180.6 Mg/ha 



91 
 

for storage and -3.6 – 4.5 Mg/ha/yr for uptake) compared to the average for all tree ring data (114.1 

Mg/ha  9.55 S.E.M. for storage and 1.53 Mg/ha/yr  0.02 S.E.M. for uptake). No one strong driver of 

forest carbon dynamics stands out across the multiple spatial and temporal scales that I examined. Within 

two watersheds on shale and sandstone bedrock types at CZO sites, mid- and toeslope positions on shale 

stored more carbon than the ridgetops on shale and all other terrain positions on sandstone, yet carbon 

uptake had no clear pattern over topographic positions or bedrock types (Figure 17 and Figure 18). 

Considering forests from the Bureau of Forestry inventory that were sampled across wider gradients, 

elevation is negatively correlated with forest carbon uptake and forests on sandstone tend to have more 

negative accumulation rates compared to shale regardless of north or south facing aspects (many of which 

are growing above 500 meters in elevation) (Figure 19 and Figure 20). 

Evidence from the multiple data sources examined here suggests that tree mortality may be 

contributing to the high amount of variability in carbon dynamics across this landscape and that forests 

growing at higher elevations or topographic positions may be disproportionately impacted. The increasing 

growth trend in forests growing on sandstone observed in tree rings may reflect growth releases in 

surviving trees from competition as a result of the death of neighbors, however individual trees that have 

died are not recorded in this record as they are in the other forest inventories. There is also a lack of 

synchrony in the patterns of annual carbon uptake between forest on sandstone compared to shale 

supporting the idea that the death of individual trees is not the equal between plots and bedrock types 

(S9). In combination, these results paired with the negative correlation between elevation and carbon 

uptake (driven by greater mortality at higher elevations and sandstone sites, Figure 6 and Figure 8) 

provide evidence that tree death may be driving some of the variability of forest carbon dynamics. 

Mortality is an influential driver of carbon dynamics in eastern deciduous forests and both the species 

impacted and the agents of mortality are diverse (Gonzalez-Akre et al. 2016). Wind is an important source 

of mortality in oak forests and sites at higher elevations may be more exposed (Greenberg et al. 2011), 

potentially influencing the patterns described here. Susceptibility to wind damage, like carbon dynamics, 
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is complex and is impacted by many factors including topographic position, exposure and soil properties 

(Everham and Brokaw, 1996). Despite the patterns highlighted above in carbon accumulation, differences 

in carbon storage are not apparent on higher elevation sites on sandstone bedrock type across the 

landscape (Figure 6 and Figure 7). 

The use of tree-rings to improve upon the temporal resolution of multiannual forest inventories in 

forest carbon dynamics research has been encouraged by others, however, with some recommendations to 

apply cautious interpretation (Biondi 1999, Babst et al. 2014). In tandem with some of the apparent 

benefits to the use of tree-ring derived carbon dynamic estimates, notable biases have been pointed out. 

Potentially the most apparent in comparing these estimates to repeated inventories in the study presented 

here is the lack of the ability to account for the amount of live carbon loss through tree mortality. 

Reconstructions of carbon from tree-rings include details from the forest conditions at the time of 

sampling and does not include records of growth from trees that have died. This does not allow for a full 

representation of the transfer of carbon out of the live aboveground forest carbon pool that are clear in 

other sampling methods presented here and are important in comparing differences of forest on shale and 

sandstone bedrock type (i.e. Figure 18, Figure 19, Figure 21). This issue has been deemed the “fading 

record problem” and highlighted by others (Babst et al. 2014, Nehbass-Ahles et al. 2014, Dye et al. 2016). 

In this study I limited the study period to a 40 year temporal window to try to capitalize on as long of a 

reliable record as possible, but undoubtably this period excludes some of the forest carbon dynamics 

attributed to mortality. Dead trees generally contribute to a relatively small but important part of the 

carbon in second growth forests of the eastern United States thus far (Gough et al. 2007) and are not 

quantified here.  

Despite some of the limitations encapsulated by the tree-ring estimates there is still a lot to be 

learned from this record. Long-term estimates of forest carbon uptake between 1975 and 2015, where 

topographic features are held relatively constant, displayed very similar patterns of average forest carbon 

accumulation rates between these two neighboring bedrock types (Figure 16). Furthermore, when 
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examining carbon dynamics for the tree-ring plots, consistently there were no statistical differences 

between the forests on the two bedrock types in initial carbon storage, accumulation, interannual 

variation, and resistance or resilience to moderate to severe drought. The similarity between the average 

carbon dynamics for forests growing on the two bedrock types is somewhat notable considering how 

much variation there is across sites from the CZO and Bureau of Forestry Inventory across the larger area. 

The plot level forest carbon accumulation reconstructions that were included in this analysis were 

a summation of the growth of mixed species forests where 87% of the forest plots detailed here were 

dominated by oak species (northern red oak, chestnut oak and white oak) and the remaining 13% were 

dominated by eastern white pine (Pinus strobus L.), which make up four of the top ten dominant species 

by carbon mass across the Ridge and Valley region (Reed and Kaye 2020). In a recent comparison of 17 

tree species from mesic forests of the eastern United States, the oaks and pines featured here exhibited 

limited legacy effects on growth in response to drought compared to species such black birch or tulip 

poplar (Lirodendron tulipifera L.) with diffuse porous wood anatomy (Kannenberg et al. 2018). The 

species composition of forests in the eastern US does influence the sensitivity and impact of drought on 

forest growth. Forests composed of more mesophytic species such as tulip poplar (Liriodendron tulipifera 

L.) and sassafras (Sassafras albidum Nutt.) and sugar maple (Acer saccharum Marsh.) are more sensitive 

to water stress and compositional shifts from oaks to these mesophytes may lead to large reductions in 

carbon accumulation, especially in scenarios of more frequent drought (Brzostek et al. 2014). When 

comparing white oak and sugar maple responses to drought, dry periods caused an 19% greater reduction 

in growth for sugar maple comparatively (Au et al. 2020). The species composition of the forest plots 

presented here are seemingly drought tolerant to the severity of growing season drought examined here 

regardless of bedrock type. If future forests shift in forest composition away from oak as a result of 

ongoing mesophication, regardless of the cause (Nowacki and Abrams 2008, McEwan et al. 2011, Fei et 

al. 2011, Kreye et al. 2013), there may be negative impacts on these forests as carbon sinks especially in a 

future with a warmer climate with more frequent drought across bedrock types. 



94 
 

 In this study I have highlighted two growth metrics based on carbon, resistance and resilience, 

that compare the impact of three droughts. Carbon accumulation responses over the 1991, 1999 and 2001 

droughts demonstrate that forests growing on both shale and sandstone bedrock type from fairly 

productive forests on north facing midslopes are both resistant and resilient to the drought intensity 

experienced over the contemporary period (Table 9 and 10). Resistance and resilience have been the focus 

of a number of studies on the impacts of drought on forests (D’Amato et al. 2013, Gazol et al. 2017, 

Camarero et al. 2018 and DeSoto et al. 2020). These metrics predict the probability of survival to 

subsequent drought events (DeSoto et al. 2020). This is a useful metric given the great amount of 

uncertainty in how forests will respond to more frequent and intense drought in a changing climate (Allen 

et al. 2010, Clark et al. 2016). In the northeastern US, where this study takes place, temperatures are 

predicted to rise and growing season droughts are likely to become more frequent (Hayhoe et al. 2007). 

Results presented here suggest that the outlook for the stability and strength of the forest carbon sink to 

future drought may be positive on both shale and sandstone bedrock, at least on north facing midslope 

positions if species compositions were to remain stable. One aspect to support this notion is that currently 

the oak hickory forest type is at the northern end of its range limit in the study area and is projected to 

move northward as the climate warms (Iverson and Prasad 2001). Drought may not be the factor limiting 

this community’s productivity. However, recent work has highlighted that increased temperatures and 

reductions in growing season precipitation are likely to be detrimental even for northern red oak (a 

dominant tree within the forests presented here) in the much more northern forests of Vermont (Stern et 

al. 2020). 

 While other studies have highlighted that droughts have the ability to cause significant growth 

decline in eastern oaks (Pedersen 1998, Demchik and Sharpe 2000, Voelker et al. 2008) it seems that this 

is not the case for forests on north to northwest facing midslopes in the central Pennsylvania Ridge and 

Valley. Demchik and Sharpe 2000 compared northern red oak on sites in southwestern Pennsylvania with 

soil and foliar nutritional potassium and calcium deficiencies. They found that trees from sites where 
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potassium and calcium were lower, drought induced mortality was higher and recovering growth of 

surviving northern red oak was lower following droughts of the 1960s. The nutritional status of soils on 

shale and sandstone bedrock display contrasting patterns of potassium and calcium in this study, where 

they are more available on shale (Hill 2016). Despite the differences in nutritional status, these oak forests 

on both shale and sandstone bedrock type are resistant and resilient to drought. In regards to the detection 

of evidence of the detrimental impacts of drought on these forests, it does remain possible that trees 

within these plots died and went undetected due to methodology. However, that may be unlikely given the 

relative consistency of carbon accumulation of the living trees outlined here. 

Unlike much of the existing research where tree rings are used to investigate the impact of 

drought on tree growth, I examined the impact of drought at the plot level rather than the individual tree. 

The mixed species composition of the forest may contribute towards the resistance and resilience in 

carbon accumulation to drought. Mixed species stands have demonstrated the ability to resist the impact 

of drought compared to monospecific pure stands because more drought tolerant species preform better 

under reduced competition, balancing the out the growth that would otherwise be lost (Pretzch et al. 

2013). Furthermore, in forests of the southeastern US tree species richness seems to buffer the impact of 

severe droughts (Klos et al. 2009). It is possible that forests on both bedrock types here are operating in a 

similar manner. In this study I used fixed radius plots to sample trees of all species >10 cm which 

includes multiple species of different canopy positions. Trees at lower canopy positions have been shown 

to recover more strongly and grow faster following a drought depending on site classifications (Orwig 

and Abrams 1997) which could also play a role here in of these forests’ resilience to drought. Lastly, the 

inclusion of systematically sampled trees in dendroecological research from forest inventories on sites 

that are not considered to be the most climatically sensitive has been shown to temper the conclusions 

about the impact of climate on forest growth (Kleese et al. 2018). Other research that has described more 

negative impacts of drought on the growth of eastern oak forests may rely on older trees from more 

climate sensitive sites than from second growth north facing midslopes highlighted here. Considering the 



96 
 

stable trends in forest carbon accumulation from the period of 1975-2015, mid-to-late successional second 

growth oak forests detailed here may continue to grow well under future climate scenarios. 

 The systematic sampling of the forest inventory data used here aims to sample a representative 

portion of forest community types of the larger landscape. Of the plots included in the Bureau of Forestry 

inventory network, 56% were recorded as being located on a midslope position, proportions that were 

similar on both bedrock types (57% of plots on sandstone and 55% of plots on shale). For forests 

dominated by oaks, which comprises 62.5% of the typical 81-120 year old forest in the Ridge and Valley 

(Reed and Kaye 2020), the longer-term estimates outlined here of stable aboveground live carbon 

accumulation and drought resilience may be considered fairly representative of much of the landscape of 

the region (minus patterns in tree mortality). Efforts to increase our understanding of forest-climate 

growth relationships across multiple landscape positions could benefit from expanding the tree ring plot 

network to include different extremes in the elevation gradient and south facing aspects. To maximize the 

efficiency of sampling tree cores for tree ring derived estimates of carbon dynamics a modified sampling 

plan is recommended with a proportional sampling focusing on large trees (Xu et al. 2019) that would 

increase the spatial extent compared to what is outlined here. However, it is possible that the trees in 

lower canopy positions may contribute to the resistance and resilience of forest carbon to drought that 

might not be captured under a modified sampling plan. 

Considering the dynamics of forests from tree-ring plots to Bureau of Forestry plots sampled 

within a larger area of forest inventory and the CZO sites on shale and sandstone bedrock in the region 

highlights that drivers of forest growth and carbon dynamics are complex and interrelated between many 

aspects of ecosystem structure and function. Future patterns of forest mortality from multiple agents such 

as stress from invasive species, weather extremes and wind events are likely to play an important role in 

the forests of the central Appalachian Ridge and Valley. Evidence from the three data sources outlined 

here suggest that patterns of forest carbon dynamics are difficult to scale up in a linear fashion from plot 

to landscapes. Forest ecosystems and the carbon that they store function differently across complex 
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environments and long-term observations will be important in helping shape the way we understand and 

manage landscapes (Groffman et al. 2012). The continued monitoring of the Critical Zone Observatory 

sites and large networks of forest inventory data will be valuable as we strive to understand our changing 

world. 
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S9. Average forest carbon uptake (black lines) of forests growing on shale (n = 9) and sandstone (n = 6) 

bedrock type in Rothrock State Forest and Stone Valley Forest. Blue and salmon colored lines are plot 

level reconstructions. 
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S10. Scatter plots of average annual forest carbon uptake (Mg/ha/year) of forests growing on shale and 

sandstone (n = 9) and sandstone (n = 6) bedrock type in Rothrock State Forest and Stone Valley Forest 

and average growing season Palmer Drought Severity Index. Each point represents the average uptake of 

all plots on shale or sandstone bedrock. 
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S11. Polar plots displaying forest carbon accumulation (Mg/ha/year) and the aspect of plots on Rothrock 

State Forest for shale (blue squares) and sandstone (salmon triangles). Outer circle numbers represent the 

aspect of the plot. The position within the circle represents the rate of uptake, Axis run from -4 to 4 

Mg/ha/year.  

 

S12. Polar plots displaying forest carbon storage (Mg/ha) and the aspect of plots on Rothrock State Forest 

for shale (blue squares) and sandstone (salmon triangles). Outer circle numbers represent the aspect of the 

plot. The position within the circle represents the rate of uptake, Axis run from 0 to 200 Mg/ha.  
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S13. Forest carbon uptake for forest in the Rothrock State Forests within 30 km radius of the Shale Hills 

CZO sites on different hillslope positions. No forests growing on shale were located on ridgetop positions 

in the continual forest inventory data and the vast majority for both bedrock types are located on 

midslopes.  
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Chapter 5 

Conclusions 

 

The main objective of this dissertation was to evaluate the degree to which differences in 

the lithologic properties of shale and sandstone bedrock type control forest growth and 

ecosystem function in the central Appalachian Ridge and Valley region. Results from the three 

chapters featured here highlight varying levels of importance of bedrock type depending on the 

scale that is examined in eastern deciduous oak forests of that region. The initial intent of this 

work was born out of observational differences in forests that are being studied at the Shale Hills 

and Garner Run Critical Zone Observatory research sites from an interdisciplinary perspective. 

Two main questions early on this research journey were: How representative are these forest 

sites to the broader landscape? and Do these forests respond differently to similar climate 

conditions on shale and sandstone? This dissertation significantly expands on the spatial and 

temporal understanding of how contemporary forests communities function on two of the most 

common upland bedrock types in the region. 

 At the widest spatial scale examined here across the entire Ridge and Valley of 

Pennsylvania covering hundreds of thousands of hectares, forests are storing 25% more and 

accumulating carbon at a rate 55% faster in the form of live aboveground biomass on shale 

bedrock types than forests on sandstone. This work expands on the ecological understanding of 

eastern oak forests by highlighting an important control on landscape ecosystem carbon 

dynamics through bedrock type. Bedrock type has been studied as a potential control on the 

spatial patterns of forest carbon and growth rates (Morford et al. 2011, Hahm et al. 2014, Eimil-
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Fraga et al. 2014, Hennigar et al. 2017), however, at the time that this dissertation research was 

being conducted it was yet to be extensively studied in the central Appalachian Ridge and 

Valley. This physiographic province spans a large latitudinal gradient from north to south where 

upland terrain underlain by these bedrock types are commonly forested. Future research may 

expand upon the spatial extent of this work using Forest Inventory and Analysis data to see if 

these patterns are operating from the entire Ridge and Valley.  

From a forest carbon management perspective, the patterns outlined in Chapter 2 could 

be important to the development of future forest carbon offset projects in the region as smaller 

land holdings begin to be enrolled in both in voluntary and potentially the regulatory markets. 

Forest carbon offset projects may serve as alternative forest product revenue generators for 

family forest landowners, and sites with higher initial stocking can lead to the greatest return on 

investment (Kerchner and Keeton 2015). In mid-to-late successional forests of central 

Pennsylvania, those underlain by shale bedrock could be targeted by forest project developers for 

forest carbon management. 

Two species, northern red oak and chestnut oak, comprise about half of the biomass in 

this region within the typical forest featured in this dissertation (Reed and Kaye 2020). The 

dominance of these two species paired with their hard mast production and relatively high valued 

wood makes them ecologically and economically important species of the region. On both 

bedrock types, northern red oak basal area increment exceeded chestnut oak growth by an 

average of 87%. Differences in growth rates for these two species exceeded differences 

attributed to bedrock type on these fairly productive north-facing midslopes. Additionally, the 

impact of competition on chestnut oak may be quite substantial and future research further 

incorporating biotic interactions may better illuminate forest dynamics in this region. These 
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findings suggest that silvicultural management favoring northern red oak over chestnut oak could 

lead to higher rates of biomass accumulation, factors that are beneficial in the form of traditional 

wood products and carbon management in this region. 

Climate (particularly water availability) can be an important driver of tree growth across 

temperate forests of eastern North America (Martin-Benito and Pederson 2015). In Chapters 3 

and 4, multidecadal patterns of tree and forest growth were reconstructed from tree rings on both 

shale and sandstone bedrock and analyzed in concert with seasonal climate variables. For the two 

species considered, growth was positively correlated with seasonal precipitation for both 

northern red oak and chestnut oak growing on sandstone but not shale. These provided evidence 

for a possible explanation of differences in forest growth rates across the wider landscape where 

faster growth and higher biomass storage happens on shale compared to sandstone bedrock type. 

Drier substrate environments for forests at sites on sandstone due to coarser textured soils and a 

higher concentration of solid weather resistant rock in the soil environment likely drives this 

process. Despite the apparent moisture limitations to oak growth on sandstone, Chapter 4 of this 

dissertation finds that the growth (depicted as carbon accumulation) of oak dominated forests is 

both resistant and resilient to contemporary moderate to severe droughts on north facing 

midslopes of both bedrocks examined here. Contrasting the results in Chapter 3 with Chapter 4, 

the resistance and resilience of these multispecies forest communities as a whole suggests the 

importance of species diversity even in forests dominated by oaks to their function. 

Unfortunately, this analysis is limited to sites that are predominantly comprised of oaks due to 

challenges associated with accurately dating and measuring annual growth of species with less 

clearly defined ring boundaries (i.e. trees from the genera Acer¸ Betula, and Nyssa). In a positive 

light, these results provide encouraging evidence that drought is likely not a threat to the 
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persistence of oak dominated forests or their strength as a carbon sink in the region if species 

composition remains similar. However, that scenario may not be certain without significant 

management intervention (Hutchinson et al. 2008, Nowacki and Abrams 2008, Dey 2014). 

The ecology of closed canopy mixed species eastern deciduous forests encapsulates many 

different dynamic abiotic and biotic factors. This dissertation focuses on bedrock type as a 

potential driver to the productivity and climate response of oak dominated forests in the 

Appalachain Ridge and Valley region. Differences of bedrock types between shale and sandstone 

contribute towards topographic and edaphic complexity in the landscape at the regional scale. 

Patterns of forest productivity at the smaller scale seem to be less pronounced when aspects and 

hillslope positions are held constant and at lower stress locations (north-facing and midslope). 

My hope is that this research will inform ongoing questions within critical zone science aiming 

to improve understanding of important carbon fluxes on a variety of substrates and land uses. 

This research may also be of interest to larger efforts to model terrestrial carbon fluxes at the 

regional to global scale, as differences in bedrock type are shown to be important within 

thousands of square kilometers. Additionally, I hope this work will serve as a reference and 

contribute towards the planning and management to sustain these treasured forests of the region.  
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