
Effects of Long-Term Forest Recovery Pathways and Management 

History on Carbon Sequestration and Co-Varying Ecosystem Services 

Principal Investigator: William S. Keeton 

Rubenstein School of Environment and Natural Resources, University of 

Vermont

Email: william.keeton@uvm.edu

308b Aiken Center, Burlington, VT 05405

Collaborators: Andrea R. Urbano, University of Vermont;

Marsh-Billings-Rockefeller National Historical Park

Completion date: August 30, 2015

• Understanding long-term biomass dynamics is important for managing forests as carbon sinks and for 

providing co-benefits such as watershed protection and biodiversity.

• This study investigated how long-term pathways of secondary forest recovery, including different 

reforestation and management histories, have influenced stand structural development and aboveground 

carbon storage in the U.S. Northeast.

• The findings suggest that a variety of reforestation and recovery pathways converge on high levels of 

aboveground carbon storage, but choice of silvicultural management approach can dramatically alter 

those trajectories.  

• Multifunctional forestry has utility for integrating carbon with management for late-successional habitats 

in northern hardwood, mixed hardwood-conifer, and conifer stands in the northern forest.  

Funding support for this project was provided by the Northeastern States Research Cooperative 

(NSRC), a partnership of Northern Forest states (New Hampshire, Vermont, Maine, and New York), in 

coordination with the USDA Forest Service.

http://www.nsrcforest.org 



Project Summary
Temperate forests are an important carbon sink, yet there is uncertainty regarding land-use history effects on 

biomass accumulation and carbon storage potential in secondary forests. Understanding long-term biomass 

dynamics is important for managing forests as carbon sinks and for co-benefits such as watershed protection 

and biodiversity.  How have secondary forests of the U.S. Northeast recovered post nineteenth century 

agricultural abandonment? How has the region’s extensive land-use history influenced long-term structural 

development and aboveground carbon storage? To answer these questions, we employed a longitudinal study 

based on twelve years of empirical data (2001-2013) from the Marsh-Billings-Rockefeller (MBR) National 

Historical Park in Woodstock, VT. MBR Park was the first parcel of land to actively be reforested in the eastern 

U.S., and as such, its diverse forest mosaic reflects a history of alternate reforestation approaches and varied 

successional trajectories indicative of secondary forest recovery occurring across the broader northeastern forest 

landscape. We also used 150 years of documentary data from park management records. This research 

evaluates the effects of reforestation approaches (planting vs. natural regeneration), management regimes (long-

term low-to-intermediate harvest intensities at varied harvest frequencies), and stand development pathways on 

biomass outcomes. We generated biometrics representative of stand structural complexity, including the H’

structural diversity index, and aboveground biomass (live trees, snags, and downed coarse woody debris pools) 

estimates.  Multivariate analyses evaluated the predictive strength of reforestation approach, management 

history, and site characteristics relative to aboveground carbon pools and stand structural complexity.

Classification and Regression Tree (CART) analysis ranked reforestation approach (plantation or natural 

regeneration) as the strongest predictor of long-term mean total aboveground carbon storage, while harvest 

frequency, and stand age were selected as secondary variables. CART ranked forest percent conifer (a metric 

closely associated with reforestation approach) as the strongest predictor of H’ index, while harvest intensity, and 

harvest frequency were selected as secondary variables. Increases in harvest intensity can significantly reduce 

aboveground carbon storage. Our results suggest that a variety of long-term recovery pathways converge on 

high levels of aboveground carbon storage, including both conifer plantations and naturally regenerated 

hardwood stands, but choice of silvicultural management approach can dramatically alter those trajectories. 

Importantly, total aboveground biomass (i.e., carbon) co-varied with H’ index and thus, our dataset showed a 

positive relationship between forest carbon storage and structural complexity, supporting the utility of 

multifunctional forestry integrating carbon with management for late-successional habitats.  



Background and Justification

View of the Marsh-Billings-Rockefeller National 

Historical Park, Woodstock, VT



Background and Justification
• There is an unprecedented opportunity to study the long-term dynamics of secondary forest recovery from land-use 

change in the northeastern United States. Following wide spread forest clearing and subsequent agricultural 

abandonment in the nineteenth century, the region has reverted to a predominance of forest cover, though cover is 

again declining in all six New England states.

• This land-use history provides an opportunity to reexamine stand development models based largely on theoretical 

projections and observations spanning a relatively limited range of successional conditions.

• In light of increasing interests in managing forests as carbon sinks and for environmental co-benefits, such as 

watershed protection and biodiversity, understanding long-term carbon accumulation dynamics is essential.

• Successional dynamics in the northeastern U.S. have been profoundly altered by land-use history, creating multiple 

potential pathways of compositional and structural development. 

• In addition, our understanding of late-successional dynamics (i.e., structural and compositional change) in 

northeastern forests remains incomplete.  Despite recent work on carbon accumulation dynamics in old-growth and 

primary forests ,and comparisons of forest management scenarios, it remains uncertain whether the region’s northern 

hardwood, conifer, and mixed hardwood-conifer forests are recovering towards a high biomass condition yielding 

carbon storage and climate change mitigation benefits. This is partly attributable to conflicting reports on the 

relationship between tree growth rates and biomass carbon accumulation dynamics. 

• It is, therefore, unclear if, how, and to what degree the region’s forests are recovering towards a high-biomass, late-

successional condition, and furthermore if these two characteristics are tightly or consistently correlated. An important 

and related question pertains to how over a century of forest management has influenced the pathways of forest 

structural and compositional development.

• We hypothesized that multiple pathways of recovery, management, and stand development are converging on similar 

high biomass conditions, yielding occurring increases in our considered elements of stand structure..

• The study investigated the influence of (1) different reforestation approaches (i.e. plantation forestry vs. natural 

recolonization and regeneration) and (2) management history (i.e., long-term low harvest intensities with varying 

levels of harvest frequencies) on aboveground carbon storage and structural development, and how, if at all, forest 

management alters these developmental pathways.



Methods

Map of Study Area.  

Forest reference stands 

located in MBR National 

Historical Park. The 

stands are differentiated 

by reforestation approach 

(naturally regenerated vs. 

planted). Blue circles 

represent the date (range) 

of stand establishment, 

with larger sizes 

representing older stand 

ages.



Methods
• We employed a longitudinal study based on twelve years of empirical data (2001-2013) collected 

from 60 permanent monitoring plots within 16 reference stands at the Marsh-Billings-Rockefeller 

(MBR) National Historical Park in Woodstock, VT.  We also used 150 years of documentary data 

from park management records. 

Picture of one of the 

permanent monitoring plots 

established in 2001 at MBR



Methods

Monitoring plot design and inventory 

protocol for aboveground biomass 

pools. Sixty fixed 0.05 ha plots were 

established throughout 16 reference 

stands in 2001. 



Methods
Data Processing and Statistical analyses

• Forest inventory data were input into the Northeast Ecosystem Management Decision Model to generate a 

variety of forest-structure metrics, including aboveground live tree biomass estimates based on species 

group-specific allometric equations. Carbon in standing dead carbon and downed coarse woody debris was 

quantified according to California Air Resources Board carbon inventory protocol.

• Nearly 150 years of documentary data from Park records were used to assess stand management history 

spanning the time period of 1880 to 2013. These stand narratives provided the following information: the 

date of stand establishment, method of establishment (i.e., naturally regenerated or planted), and 

management history (i.e., harvest frequency and intensity). 

• Based on the historical documentation, two ordinal rankings (0-5) and categorical classifications (low vs. 

high), one for harvest intensity and one for harvest frequency, were assigned to each reference stand in 

both datasets (2003 and 2013). 

• A modified version of Shannon-Wiener diversity index, H’, was used to quantify structural complexity. The H’

index describes how basal area is apportioned by species and size class for all plots. 

• Relationships between reforestation approach, site characteristics, and management history (predictor 

variables) and aboveground carbon and structural complexity were examined using Classification and 

Regression Tree (CART) analysis run in S-Plus software.

• All statistical analyses were conducted twice: once with the 2003 dataset (data spanning from date of stand 

establishment to the 2003 inventory) and once with the 2013 dataset. 

• Analyses using the 2003 dataset were employed to examine stand development pathways characterized by 

long-term recovery from 19th century land-use.  Hereafter we will refer to these as the “long-term recovery” 

pathway. 

• Analyses using the 2013 dataset were indicative of altered trajectories of stand development resulting from 

elevated harvesting activity between 2004 and 2013, which we hereafter refer to as the “contemporary 

management” pathway.

• Thus, our 2003 dataset is most indicative of long-term stand recovery dynamics, while our 2013 dataset 

helps us understand the effects of recent management.  



Methods

Predictor variables Variable type Response variable Variable type

Site class Ordinal Structure Pools 

Stand age (years) Continuous ratio scale H' Index Continuous ratio scale

Harvest intensity Ordinal (0-5), Categorical (low vs. high)

Aboveground 

Carbon Pools (Mg/ha)

Harvest frequency Ordinal (0-5), Categorical (low vs. high) Total  Continuous ratio scale

Some variation of: Live  Continuous ratio scale

Reforestation approach (NR or PL) Categorical Standing dead  Continuous ratio scale

Cover type Categorical Down CWD all stages Continuous ratio scale

Percent conifer (by composition BA) Continuous ratio scale Down CWD stages 3-5 Continuous ratio scale

• Predictor and response variables and variable types employed in statistical analyses. Note that total aboveground 

carbon is derived from summing the average live, standing dead, and downed CWD (all stages, 1-5). 



Results/Project outcomes
• Secondary forests can reach high levels of C storage sooner than previously thought

Error bars are +/- one standard error of the 

mean



Results/Project outcomes
• CART analyses suggest that forest management history had the greatest predictive strength for long-term 

carbon storage in all (live and dead) aboveground biomass pools.

• CART ranked forest cover type as the strongest predictor of H’ index, while harvest intensity, harvest 

frequency, and site class were selected as secondary variables. 
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Figure explanation:  CART model, showing statistically significant predictor variables selected, split values, and partitioned mean 

values (bottom) of the response variable (A. mean total aboveground carbon, B. mean live tree aboveground carbon, n = 16). The 

figure ranks variables by predictive strength (top to bottom) and in sequential order of importance as the response variable increases 

(left to right). Stands with low harvest frequencies received an ordinal classification of ≤ 2. Stands with high harvest frequencies 

received an ordinal classification of ≥ 3. Stand age is in years. The length of each vertical line is proportional to the amount of 

deviance explained. Predictor variables were selected from an initial set of 6 variables. 



Results/Project outcomes

Figure explanation:  CART model, showing statistically significant predictor variables selected, split values, and partitioned mean 

values (bottom) of the response variable (mean H’ structural diversity index, n = 16). The figure ranks variables by predictive strength 

(top to bottom) and in sequential order of importance as H’ increases (left to right). Stands with low harvest frequency or intensity 

received an ordinal classification of ≤ 2. Stands with high harvest frequency or intensity received an ordinal classification of ≥ 3. The 

length of each vertical line is proportional to the amount of deviance explained. Predictor variables were selected from an initial set of 

6 variables. 
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Results/Project outcomes

Figure explanation:  Mean total aboveground carbon (Mg/ha) and H’ structural diversity index over time (age), by reforestation 

approach and year.  

• There are positive 

relationships between stand 

age, structural complexity, 

and carbon storage

• Carbon and stand structural 

complexity co-vary 



Implications and applications

in the Northern Forest region
• Recovering secondary northeastern forests play a vital role in carbon sequestration and thus are helping to mitigate or 

dampen the future intensity of climate change. 

• The high carbon storage observed in MBR’s mature, planted and naturally regenerated stands supports previous reports 

that aboveground biomass can accumulate late into stand development in secondary forests 

• The recovery that occurred to 2003 suggests the high potential for carbon accumulation on sustainably managed 

landscapes, particularly where an emphasis is placed on maintaining high stocking.

• Secondary forests have potential to re-achieve high level of C storage as reported previously in primary forests. 

• High-magnitude C storage can occur prior to reaching old-growth age.

• There is a positive relationship between stand age and C.

• Aboveground C storage and stand structural complexity are often, but not always, positively correlated.

• More intensive silvicultural treatments can alter recovery trajectories.



Implications and applications

in the Northern Forest region

Options for enhancing carbon storage and 

related late-successional structural co-benefits in 

secondary forests include:

• Reducing harvest frequency

• Increasing rotation lengths or entry cycles

• Increasing post-harvest structural retention 

– Biological legacies

– Downed woody debris

– Large trees

• There is a carbon storage role for mature 

plantations of native conifers.  These store 

high levels of carbon, though have lower 

stand structural complexity.

• Reserve-based approaches emphasizing 

carbon storage through forest maturation

• Integration of carbon forestry with other 

management objectives across multiple 

stands in working forests



By managing forests for high carbon storage, we 

are likely to provide late-successional habitats 

important for under-represented elements of 

biological diversity 



Future directions

• Research on silvicultural approaches integrating 

carbon, late-successional biodiversity, and riparian 

functions such as flood resilience

• Research on landscape-scale implications of altered 

disturbance regimes for carbon storage related to 

forest maturation 
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