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ABSTRACT 

 
 
Forest management practices emphasizing stand structural complexity are of interest 
across the northern forest region of the United States because of their potential to 
enhance carbon storage. Our research is nested within a long-term study evaluating how 
silvicultural treatments promoting late-successional forest characteristics affect 
aboveground biomass development in northern hardwood forests. We are testing the 
hypothesis that biomass development (carbon storage) will be greater in structural 
complexity enhancement (SCE) treatments when compared to conventional uneven-
aged treatments. SCE treatments were compared against selection systems (single-tree 
and group) modified to retain elevated structure. Manipulations and controls were 
replicated across 2-hectare treatment units at two study areas in Vermont, USA. Data 
on aboveground biomass pools (live trees and coarse woody material, standing dead 
and downed wood) were collected pre- and post-harvest then again a decade later in 
2013. Species group-specific allometric equations were used to estimate live and 
standing dead biomass and downed log biomass was estimated volumetrically. We used 
Forest Vegetation Simulator to project Òno-treatmentÓ baselines specific to treatment 
units, allowing measured carbon responses to be normalized relative to differences in 
site-specific characteristics and pre-treatment conditions.  
 
Results indicate that 10 years post-harvest biomass development and carbon storage 
were greatest in SCE treatments compared to conventional treatments, with the greatest 
increases in coarse woody material (CWM) pools. Structural complexity enhancement 
treatments contained 12.67 Mg ha-1 carbon in CWM compared to 6.62 Mg ha-1 in 
conventional treatments and 8.84 Mg ha-1 in areas with no treatment. Percentage 
differences between post-harvest carbon and baseline values indicate that carbon pool 
values in SCE treatments returned closest to pre-harvest or untreated levels over 
conventional treatments. Total carbon storage in SCE aboveground pools was 15.90% 
below baseline conditions compared to 44.94% less in conventionally treated areas (P = 
0.006). Results from CART models indicated treatment as the strongest predictor of 
aboveground C storage followed by site-specific variables, suggesting a strong 
influence of both on carbon pools. Structural enhancement treatments have potential to 
increase carbon storage in managed northern hardwoods based on these results. They 
offer an alternative for sustainable management integrating carbon, associated climate 
change mitigation benefits, and late-successional forest structure.  
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CHAPTER 1: SILVICULTURAL MANAGEMENT OF NORTHERN 

HARDWOOD FORESTS FOR STRUCTURAL COMPLEXITY ENHANCEMENT 

AND CARBON STORAGE IN ABOVEGROUND BIOMASS 

 

1.1. Introduction 

 Forest ecosystems protect water quality, cycle nutrients, sequester and store 

carbon, provide habitat, and help maintain biodiversity. Covering approximately 30% of 

the land surface on our planet, forests are almost entirely diminished or have effectively 

disappeared in more than 50 countries worldwide (Hassan et al. 2005). Humans have 

altered most of the worldÕs forests though our land-use history, with an estimated net 

decrease in global forested area of 14 million hectares per year (Houghton 1994, Hassan 

et al. 2005). Forests globally serve as both a significant source and sink for carbon (Gunn 

et al. 2014), storing more than 80% of terrestrial carbon (Liu et al. 2011) and are a 

leading source of carbon emissions due to deforestation and forest degradation (Keith et 

al. 2009). Established forests offset 30% of global CO2 emissions (Birdsey and Pan 

2015). Forest ecosystems worldwide are threatened directly and indirectly by stresses 

imposed by climate change, including rising temperatures and increased levels of 

disturbances such as insect pests and pathogens.  

In this thesis, I explore the outcomes of aboveground biomass carbon storage 

potential in northern hardwood forests following a long-term silvicultural experiment 

with a goal of enhancing late-successional forest structure. Managing for old-growth/late-

successional characteristics is of particular interest across northern New England forests 

and has the potential to be an important co-benefit to carbon storage and enhanced 
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biomass development. To determine the amount of carbon storage potential as a result of 

this study, we quantified northern hardwood forest aboveground biomass and carbon 

storage over the 10-year period following an experimental silvicultural treatment, 

structural complexity enhancement (SCE), and determined how this compared both to 

conventional selection harvesting systems and passive (no-harvest) management. We also 

compared carbon outcomes to projected Òno-harvestÓ baselines, allowing measured 

carbon responses to be normalized relative to differences in site-specific characteristics 

and pre-treatment conditions. This study provided a unique opportunity to quantify late-

successional structure and carbon storage potential, and also the opportunity to test 

empirical, long-term data against earlier projections (Keeton 2006) and other model 

simulations (Nunery and Keeton 2010).  

 

1.2. Northeastern U.S. landscape history and impacts to forest cover  

The land use history of the Northeast has greatly affected forest cover throughout 

forest recovery. Human disturbances have affected land-use history across the northern 

New England region for multiple centuries, with a long history of land clearing, 

agriculture, and farm abandonment (Ireland et al. 2011). This widespread 19th-century 

clearing shifted the majority of northeastern U.S. forests from primary to secondary 

(regenerating) forests. Prior to 19th century clearing, an estimated 70-89% of the forests 

of the Northeast were in an old-growth condition greater than 150 years of age (Lorimer 

and White 2003). Witness tree records from lotting surveys completed across northern 

New England and New York pre-settlement (1763-1820) indicate these forests were 

dominated by 32% American beech (Fagus grandifolia). In some areas, beech comprised 
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up to 60% of the tree species (Cogbill 2000). After beech, sugar maple (Acer saccharum), 

red spruce (Picea rubens), eastern hemlock (Tsuga canandensis), and yellow birch 

(Betula alleghaniensis) were the next most dominant, depending on location, ranging 

from 9 to 14% of species composition (Cogbill 2000). TodayÕs northern hardwood forests 

are dominated by sugar maple, American beech, and yellow birch, occurring across New 

England and northern New York, and across the upper Midwest into southeastern 

Canada. 

Currently, less than 0.5% of northeastern forests have old-growth or late-

successional characteristics (Davis 1996). The NortheastÕs secondary regenerating forest 

landscape is mostly even- or multi-aged, less complex structurally, younger in age, has 

lower densities of large liv ing and dead trees, and lacks the ecological diversity of the 

former old- growth forested landscape (Keeton et al. 2007b). Topography, soils, and 

human impact have influenced successional pathways and thus current species 

distributions throughout northeastern forest recovery (Seischab 1990, Foster 1992, Foster 

et al. 2004, Thompson et al. 2013).  

 
 

1.3. The significance of late-successional forest structure in a landscape 

An understanding of the significant role of old-growth forests in the landscape 

can aid the incorporation of such characteristics into management prescriptions. Late-

successional or Ôold-growthÕ forests can be defined by their function, structure, and 

disturbance history within a landscape (Wirth et al. 2009). Old-growth structural 

attributes include large numbers of live and dead trees and basal areas, a high stand 

biomass, high amounts of coarse woody debris, and a wide decay class distribution of 
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standing dead and downed woody material. Multiple canopy layers create a vertically 

differentiated canopy or a complex vertical structure containing large numbers of late-

successional or shade-tolerant species. Horizontal structural complexity is achieved 

through a variation in tree age and size class distribution including the presence of 

multiple cohorts and variable gap densities and tree distributions (Keeton 2006, Bauhus 

2009).  

Old-growth forests function to maintain habitat, nutrient cycling, and species 

biodiversity. Increased coarse woody debris amounts provide important habitat for birds, 

mammals, herpetofauna, invertebrate decomposers, bryophytes, fungi, and tree seedlings 

(Keddy and Drummond 1996). Up to one half of the indigenous amphibian and mammal 

species of northern New England rely on logs for some part of their life history, while an 

additional 28 birds and 18 mammals use wildlife trees for such functions as perching, 

foraging, nesting, roosting, and denning (DeGraaf et al. 1992, Keddy and Drummond 

1996). Decaying logs provide shelter, denning, nesting, and perching and foraging sites 

for amphibians and arthropods (Loeb 1996). Large old trees provide important sites for 

birds and mammals to nest, den, and forage and specialized habitat for arthropods 

(McGee et al. 1999). Advanced regeneration is triggered by light reaching the forest floor 

in canopy gaps, increasing species diversity and vertical complexity (Seymour et al. 

2002). Old-growth forests cycle nutrients through the slow decomposition of large 

amounts of coarse woody material. Fungi, bacteria, and invertebrates break down dead 

organic material slowly releasing nutrients into the soil, where it is cycled back into plant 

growth. Bacteria fixation in the breakdown of CWD result in increased nitrogen levels, a 

critical nutrient for plant growth (Franklin et al. 1981). In-stream CWD recruitment in 
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old-growth forests creates riparian buffers, habitat function, and assists sediment and 

pollutant movement (Keeton et al. 2007b). It is important to recognize the value of the 

multitude of ecosystem functions provided by old-growth/late-successional forests 

considering so little of this forest type remains today within the northeastern forested 

landscape. 

 
 

1.4. Silvicultural management approaches for late-successional stand structure 

 
1.4.1. Emulating disturbance regimes 

There are multiple management options when the goal is to obtain late-

successional forest structure; often a suite of prescriptions can yield more structurally 

complex and diverse forests. Disturbance-based forest management is one option to 

promote forest structural complexity in management prescriptions. This type of 

management is designed to emulate an areaÕs natural disturbance regime with forestry 

practices with an understanding of disturbance dynamics and their influence on 

ecosystem structure and function (North and Keeton 2008). Disturbance agents in the 

Northeast are predominantly wind, ice, insects, fungal pathogens, beavers (Castor 

canadensis), floods, and fire, which have altered forest landscapes for centuries. Wind 

disturbances are usually most frequent, occurring at a low intensity, and resulting in fine-

scaled canopy gaps. Small canopy gaps allow light to reach the forest floor, releasing 

advance regeneration and the regeneration of intermediate to shade-tolerant species. This 

adds structural heterogeneity at the landscape level through the formation of patches and 

variable horizontal density (Runkle 1984). Other types of wind disturbances of higher 
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intensities include hurricanes, tornadoes, and microbursts. High intensity wind events 

result in significant amounts of standing and downed coarse woody material and 

biological legacies. Legacy structure retention is therefore important if emulating this 

disturbance type. High intensity disturbances (>10 ha) occur at a low frequency (e.g. 

return intervals >1000 years) versus low intensity disturbances (0.05 ha), which are high 

frequency (100 year return intervals) (Seymour et al. 2002). Intermediate disturbances, 

such as ice storms and microbursts, are not as well researched and are thought to 

potentially be more prevalent than previously recognized (Hanson and Lorimer 2007). 

These types of disturbances leave behind significant amounts of residual live and dead 

trees, which combined with regeneration and release effects, can result in multi-aged 

stand structures.  

The application of disturbance-based practices in the Northeast typically involves 

creating canopy gaps of varying sizes and frequencies and scales. The goal of this is to 

produce and maintain complexity in sync with the NortheastÕs natural disturbance 

dynamics. This includes legacy retention to enrich structural complexity over multiple 

management entries and managing for multi- or uneven-aged structure. Although 

understood that the historic disturbance regime is characterized by fine-scale canopy 

gaps, it can be difficult to emulate this across a larger scale in the Northeast due to 

difficulties with property boundaries and landownership. Also, intermediate disturbances 

and legacy retention are other important considerations when designing disturbance-

based management to promote structural complexity (North and Keeton 2008). There are 

many examples of disturbance-based silvicultural systems that are helpful when 
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determining the frequency, scale, and intensity at which to design a prescription to 

promote late-successional northern hardwood-conifer forest structure.   

 

Disturbance-based silviculture examples 

Multiple studies have tested the effects of varied canopy gap sizes on forest 

response and structural development (Angers et al. 2005, Dyer et al. 2010, Bolton and 

D'Amato 2011). For instance, a key consideration has been the optimum gap size at both 

the stand and landscape level when biodiversity and stand structural complexity are 

primary objectives. Kern et al. (2013) studied the impacts of a range of gap sizes, from 6 

to 46 meters in diameter, on forest structure and composition in the northern hardwood 

forests of the upper Great Lakes region and found that the ÒoptimumÓ gap size is site 

specific depending on microsite conditions and site productivity. Thirteen years post-

harvest, most small gaps had already closed in the canopy matrix while large gaps 

remained open. Shrub density increased linearly with gap size, and tree recruitment and 

density decreased, likely as a result of greater shrub densities. As a result of this study, 

Kern et al. (2013) recommended using additional treatments, such as the early removal of 

competing vegetation when using medium to large harvest gaps on productive sites to 

diversify tree species composition and succeed in establishing a new cohort. These 

findings were contrary to those of Bolton and DÕAmato (2011), who found seedling and 

sapling densities to increase with increasing gap sizes. This study also examined CWD 

recruitment within gaps and found that CWD levels were greater in the surrounding intact 

forest.  
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The Acadian Forest Ecosystem Research Program (AFERP) in northern Maine 

provides another example of the application of disturbance-based silvicultural 

prescriptions emulating the natural disturbance regime (Saunders and Wagner 2005). 

This project tested two Òexpanding gapÓ systems, approximating 1% of the annual 

disturbance frequency typical to the region. The first, a Òlarge gapÓ or extended group 

shelterwood with reserves system, removed 20% of the stand area on a 10-year cutting 

cycle with 5 entries. Gap sizes were from 320 to 2170 m2, an average of 0.2 ha, 

expanding previously created gaps at each entry. The goal of this system was to 

encourage mid shade-tolerant species and maintain the stand at mid-successional status.  

The small gap system was an ÒexpandingÓ group selection with 10% of the stand area 

removed on a 10-year cutting cycle, gap sizes averaging 0.1 ha, and expanding previous 

entries every 20 years. This system encouraged late-successional states and shade-

tolerant species. Reserve trees were maintained at 10% of the pre-harvest basal area 

within gaps in both systems to retain legacy structure (Arseneault et al. 2011). The 

AFERP is an area-based system as opposed to many multi-aged silvicultural systems 

emphasizing size-based target residual stand structure (North and Keeton 2008). 

Approximating both the spatial and temporal disturbance rate of the region, the 

treatments included intermediate-scale disturbances as suggested by North and Keeton 

(2008). Legacy structure retention within gaps included mature trees, rare trees, and 

standing and downed coarse woody material, a component often lacking in traditional 

uneven- and even-aged management (Saunders and Wagner 2005).   

There were no significant differences in stand-level basal area growth and density 

between the two gap-based treatments 10 years post-harvest probably as a result of low 
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replication. However, regeneration of both shade-tolerant and intolerant species increased 

regardless of gap size likely caused by increasing light availability. Growth and survival 

of mid-successional species was greater in large gaps and late-successional species in 

small gaps.  

Disturbance-based silviculture as a management option can have a variety of 

structural and regenerative outcomes, as indicated by these studies. Fine-scale gap 

dynamics systems may be more appropriate to promote late-successional structure and at 

smaller scales whereas larger gaps may only be appropriate across a larger landscape. 

Legacy structure retention within gaps is likely to aid regeneration and maintain elements 

of species diversity and structural complexity within the landscape.  

 

1.4.2. Structural complexity enhancement  

Structural complexity enhancement silvicultural elements at the stand level 

include a vertically differentiated canopy, variable horizontal density (canopy gaps), 

crown release around larger trees, legacy tree retention, and recruitment of coarse woody 

debris. A combination of silvicultural techniques can be used to achieve these structural 

elements. These include prescriptions with elevated post-harvest target residual basal 

areas and increasing CWD levels by girdling diseased and unhealthy trees to create 

standing dead trees and pulling trees over to create tip-up mounds. Single-tree selection 

harvests with target diameter distributions and variable density marking (Keeton 2006) 

increase vertical and horizontal heterogeneity. Raising residual live tree diameters to 

retain legacy trees post-harvest and reserving selections of smaller trees to reach their full 



 

 10 

lifespan through retention harvesting are important structural elements for ecosystem 

function (McGee et al. 1999, Angers et al. 2005).  

Structural complexity is further enhanced by harvest prescriptions with rotated 

sigmoid diameter distributions, which allocate growing space to larger diameter classes, 

promoting late-successional forest structure. The re-allocation of diameter distributions to 

larger size classes supports the growth of large trees, an important element of late-

successional forest structure.  Large trees are significant for forest structure, functioning, 

and diversity, providing nesting sites and shelter for up to 30% of all vertebrate species 

and assisting with forest regeneration by and maintenance of biodiversity (Bastin et al. 

2015). Previously assumed to follow the Ôreverse jÕ negative exponential self-thinning 

distribution curves, size class distributions for old-growth/late-successional forests are 

now understood to more closely follow a rotated sigmoid distribution (Goff and West 

1975, O'Hara 1996, Goodburn and Lorimer 1999), consisting of three stand-structure 

developmental phases during the ÔfinalÕ developmental phase in old-growth/late-

successional stands (see Fig. 1 for details). Example old-growth/late-successional 

structural targets (Ducey et al. 2013) include an average basal area of 30Ð35m2/ha, 

between 22 and 25cm QMD for trees > 7.5cm dbh, a minimum of 40 live and dead 

trees/ha > 40cm dbh (if possible at least 10 > 50cm), and several large downed logs/ha. 

Additionally, including gaps is significantly important to promote horizontal complexity 

and advanced regeneration.  

Silvicultural prescriptions can result in a mix of age classes and structural 

conditions at the landscape scale depending on rotation length, frequency, and 

management objectives. For example, Hanson et al. (2012) found that raising residual 
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diameters to 80 cm were most effective at meeting old-growth structural criteria while 

moderating impacts on timber yield, based on  projections completed with the individual-

tree, spatially explicit modeling program CANOPY. Elevated residual diameters, 

permanently reserved legacy trees, variable opening sizes, coarse woody material 

retention, species harvest restrictions, and occasional moderate-intensity or irregular 

multi-cohort harvests were compared with conventional single-tree selection harvests. 

The model was calibrated with data from both young even-aged and mature and old-

growth northern hardwood stands across northeastern Wisconsin and western upper 

Michigan. Stands meeting minimum old-growth structure criteria reduced timber yield by 

an average of 27-30% compared to conventional single-tree selection treatments. 

Structural retention treatments maintained elements of mature or late-successional forest 

structure but those with increased diameter limits resulted in an increase in the abundance 

of trees with high risks of death, reducing harvest volumes but raising CWD levels.  

Maintaining stands at a variety of stocking densities allows for growth to be 

shifted between size classes depending on desired future stand conditions (Gronewold et 

al. 2012). At the landscape level, variable retention systems can retain structural 

elements, such as individual or patches of trees, thereby promoting ecological diversity 

(Franklin et al. 1997). Retention can be combined with certain conventional systems, like 

shelterwood and selection-systems, the goal of which is to focus more on what remains 

rather than what is taken, recognizing the role of structural complexity in maintaining 

ecosystem function. It is important to note the range of silvicultural options when 

managing for increased structure and associated co-benefits. While much research has 

focused on different approaches to enhance structure, including disturbance-based 
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prescriptions, legacy retention, and low intensity single-tree selection harvests, less 

research has concentrated on the co-benefit of carbon storage and sequestration 

associated with managing for late-successional forest structure. These more innovative 

approaches to forestry that address multiple functions are increasing in significance in the 

face of rising carbon emissions and global threats to biodiversity. 

 

1.5. The temperate forest carbon sink 

Silvicultural prescriptions that promote late-successional forest structure have the 

potential to significantly affect carbon storage. Late-successional/old-growth forests have 

greater aboveground carbon storage compared to young and mature stands. This is 

because high live tree biomass amounts indicative of old-growth structure store a 

disproportionate amount of carbon, in addition to carbon stored in larger amounts of 

standing and downed wood biomass (Krankina and Harmon 1994, Keeton et al. 2011). 

As forests age, biomass accumulates (Keeton 2011), and growth rates and productivity 

were previously assumed to slow (Weiner and Thomas 2001, Meinzer et al. 2011). 

However, recent research (Stephenson et al. 2014) analyzing 403 tropical and temperate 

trees species indicates that tree growth rate increases continuously with size, as does C 

sequestration and storage for most trees. This adds to the significance of old-growth 

forests functioning as long-term carbon sinks (Carey 2001), not only in maintaining high 

biomass amounts, but also increased productivity. 

The conversion of old-growth forests to second-growth forests is a substantial loss 

of carbon storage capacity. In the 1990s, almost 20% of global carbon dioxide emissions 
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were from changes in land use and land management, mostly through deforestation 

(Hassan et al. 2005). Harmon et al. (1990) has suggested that 58% of the C from old-

growth stands harvested in the Pacific Northwest (PNW) is lost to the atmosphere from 

paper production, fuel consumption, or decomposition. The deforestation of PNW old-

growth stands has contributed 2% of the total carbon released to the atmosphere over the 

last 100 years. Although many assume reforesting with younger, faster growing stands 

will sequester greater amounts of carbon than older, slower growing stands, the live and 

dead biomass amounts of old-growth forests far surpass that of younger forests. 

Accounting for carbon stored in wood products, the conversion of old-growth forests to 

younger forests still resulted in a net C loss (305 Mg C/ha) over a 60-year rotation period 

(Harmon et al. 1990). The conversion of old-growth forests to second-growth forests that 

ultimately store less carbon is therefore making these areas a net carbon source (Krankina 

and Harmon 1994). It is estimated that during 2000 to 2009, approximately 1 Pg of C was 

lost globally each year as a result of land-use land-cover change from the combined 

effects of harvests, deforestation, forest degradation, forest regeneration, and 

decomposition of dead wood (Houghton et al. 2012). Between 1990 and 2005, it is 

estimated global forest area decreased by 1.7%, with a conversion of 6 million hectares 

per year from forest to other land uses between 2000 and 2005, twice what it was 

between 1990 and 2000 (FAO and JRC 2012). United States forests have only recently 

transitioned back to a net carbon sink following centuries of forest clearing, currently 

offsetting approximately 16% of anthropogenic CO2 emissions (Joyce et al. 2014) (see 

Fig. 2).  
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The process of carbon sequestration or uptake in terrestrial forests occurs through 

photosynthetic processes, in which carbon is transformed into Òsolid carbonÓ or 

photosynthates in forest biomass (trunks, branches, leaves, and roots of trees) with up to 

50% transferred to the forest floor and soil (Turner et al. 1995). Carbon storage 

components in the forest are called ÒC poolsÓ and often divided between aboveground 

(live trees, standing dead and downed wood, fine litter), and belowground (soil and 

roots). Carbon is released into the atmosphere through the decomposition of dead wood 

by fungi and heterotrophs, bacteria fixation, and respiration. If carbon uptake is less than 

release, an ecosystem becomes a net source instead of a sink (McComb and Lindenmayer 

1999, Dyer et al. 2010). Carbon fluxes to the atmosphere through deforestation, forest 

degradation, and land conversion, and is sequestered through tree planting and regrowth, 

resulting in a net offset about 30% of CO2 emissions by forests globally (Pan et al. 2011), 

with the potential to increase gross terrestrial C uptake by ~2 Pg C annually (from 4 Pg to 

6.2 Pg) (Birdsey and Pan 2015).  

 

1.6. Carbon forestry 

Carbon forestry employs silvicultural prescriptions of varying intensities and 

frequencies, with one goal being the enhancement of carbon storage potential, typically 

focused on aboveground biomass. The issue of forest management for carbon storage is 

actively debated among researchers (Harmon et al. 1990, Fahey et al. 2010, Birdsey and 

Pan 2015). Some suggest management scenarios with increased growth rates yield greater 

levels of carbon sequestration (Ruddell et al. 2007), while others propose limited or 
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passive management techniques to maximize structural complexity and carbon storage, 

promoting maintenance of old-growth forests for maximum carbon uptake (e.g. Krankina 

and Harmon 1994, Luyssaert et al. 2008, Nunery and Keeton 2010).  

 

 
1.6.1. Reduced harvests, extended rotations, and structural enhancement 

 Low-intensity treatments with increased post-harvest residual basal areas, longer 

rotations, and fewer entry cycles are likely to increase carbon storage potential over the 

long term (Gustafsson et al. 2012, Palik et al. 2014). Less intensive management focused 

on structural enhancement provides an ecosystem approach to climate mitigation by 

maintaining habitat and biodiversity, enhancing water and nutrient cycling, and 

promoting biodiversity, lending resilience to alterations in temperature, precipitation, and 

disturbance. Silvicultural prescriptions that focus on enhancing forest biomass and 

structure have been successful at increasing carbon uptake and storage (Harmon 2001, 

Nunery and Keeton 2010).  

While passive or no-management options have been found to yield the greatest 

carbon uptake benefit (Nunery and Keeton 2010), it is possible that forest management 

focusing on structural retention and biomass development will accelerate carbon storage 

potential beyond that of no-management options (Bauhus et al. 2009). Chen et al. (2015) 

compared clear-cut, no-harvest, uneven-aged single-tree selection, and uneven-aged 

group selection treatments over an 18-year study period in the Missouri Ozarks oak-

hickory forest. The group selection treatments resulted in the highest biomass amounts of 

all harvest types compared at the end of the study period, with a mean aboveground 
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biomass of 148.7 Mg ha-1 compared to 139.5 Mg ha-1 in the un-harvested treatments. The 

net aboveground biomass growth increased from 2 to 3 Mg ha-1 yr-1 during the first 15 

years post-harvest with all alternative treatments, which is higher than the average 

accumulation. Biomass amounts in the low-intensity single-tree selection treatments 

returned to pre-harvest levels only 9 years post-harvest. This study indicates the potential 

for alternative harvest methods to promote carbon storage potential in eastern hardwood 

forests, especially in low-intensity treatments such as single-tree selection. This was 

further supported by Man et al. (2013), who showed that reduced harvests stored 

significantly more carbon over a 100-year rotation length. Swanson et al. (2009) had 

similar but slightly contrasting findings after evaluating the effects of timber harvests on 

carbon storage in the southern beech (Nothofagus blume) forests of Tierra Del Fuego, 

Chile. Simulations projected increases in carbon stocks at the landscape level (live tree 

pool) for clearcut treatments with rapid regeneration of the understory following 

clearcutting with an extended 200-year rotation period, but decreases in carbon stocks in 

the CWD pool for overstory retention treatments over 100-year rotation periods. 

However, the over-story retention treatments retained stored carbon in standing trees, 

future sources of CWD, and a spatially distributed seed source for regeneration. 

Clearcutting treatments relying on natural regeneration had the greatest decreases in C 

stocks. Although there is some level of variability in the findings of Swanson et al. 

(2009), Mann et al. (2013), and Chen et al. (2015), all suggest that overall, reduced 

harvests and extended rotations stand enhance carbon storage in aboveground pools at 

both the stand and landscape levels.  
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Research has shown that C storage can increase by 6% over 140 years as a result 

of switching from even-aged to uneven-aged management systems (Taylor et al. 2008). 

Increasing rotation length by 50% has the potential to increase carbon storage by 23% 

over 160 years (Nunery and Keeton 2010), a rotation length increase of 100% can 

increase C storage by 31% over 500 years (Peng et al. 2002), and if rotation length is 

increased by 200% C storage can increase by 81% over 300 years (Harmon and Marks 

2002). All results are influenced by intensity, level of disturbance, and management 

regime. These among other studies have focused on reduced harvests and extended 

rotations as a carbon forestry technique, yet not included structural complexity 

enhancement as an additional silvicultural option for increased carbon storage potential. 

The integration of these objectives in silvicultural prescriptions can allow for the co-

benefits of enhanced late-successional characteristics combined with carbon forestry. 

 

1.6.2. Intensified forest management 

Alternatively, some argue increased management will elevate carbon 

sequestration potential by increasing growth rates and carbon sequestered in harvested 

wood products (Ruddell et al. 2007). However, intensively managed forested areas can 

have a more homogenous structure and lack the biodiversity associated with a 

heterogeneous or late-successional forest structure (Hanson et al. 2012). More intensive 

treatments often focus on maximizing stocking with shorter rotations and more frequent 

entries, with a goal of increased productivity and C sequestration. Research aimed at 

strategies to increase growth rates has found that using genetically improved stock can 

increase carbon storage by 13% over 40 years (Aspinwall et al. 2012) and 9% after 300 
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years with the use of fertilizers (Seely et al. 2002). Ruddell et al. (2007) suggests forest 

management stability for long-term carbon sequestration. This includes sustainable forest 

management practices defined as encouraging maximum forest growth over time 

including harvesting to increase growth rates. According to Ruddell et al. (2007), 

managed forests have the ability to sequester more carbon than unmanaged forests 

through the delay of the decay of the CWD pool and therefore C loss. Harvested wood 

products with long life cycles can store carbon for decades. This is contrary to the 

previously stated findings (Harmon and Marks 2002, Houghton et al. 2012), encouraging 

extended rotations, reduced harvests, and CWD recruitment for increased C storage.  

Although reduced harvesting frequency (Chen et al. 2015) and passive 

management (Nunery and Keeton 2010) have shown promise for increased C storage, 

multiple studies have evaluated the potential for increased growth rates to maximize 

forest C sequestration. One example is afforestation. Zhou et al. (2014) projected 

plantation forestry established through ChinaÕs National Forest Protection program to 

increase carbon storage by 6.24 Tg C/yr by 2020. Objectives of the program include 

decreasing and adjusting timber yield, but also increasing plantation establishment on 

degraded lands. In northwestern Ecuador, Olschewski and Benitez (2009) suggest 

rotation lengths of 30 years for plantations of fast-growing Cordia alliodora to optimize 

C sequestration and timber production. While plantation forestry with increased growth 

rates and C sequestration can be an effective approach for climate mitigation in the short 

term, this approach can lead to a less complex stand-structure lacking the co-benefits of 

late-successional forests. Increased growth and yield also has obvious economic 
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incentives, but when the goal is to promote old-growth characteristics, intensified 

management may not the best option.  

 
 

1.7. Northeastern U.S. aboveground forest carbon 

 
1.7.1. Regional carbon estimates for aboveground biomass pools 

Regional forest carbon stock estimates are an important measure of forest 

productivity and can be indicative of structural complexity in aboveground pools. The 

USDA Forest Service (2015) recently reported mature northern hardwood mean live tree 

C to be between 60 and 80 Mg ha-1, standing dead C between 2 and 4 Mg ha-1, and 

downed log C between 6 and 9 Mg ha-1. Other studies specific to northern New England 

report comparable values (Keeton et al. 2011). Bradford et al. (2010) found northern New 

Hampshire mature hardwood forests (maximum age of 120 years) to contain 96 Mg ha-1 

live tree C and 18 Mg ha-1 C in coarse woody material. Whitman and Hagan (2007) 

reported higher levels in mature northern hardwood forests in Maine, 113 Mg ha-1 live 

tree C, 10 Mg ha-1 standing dead C, and 12 Mg ha-1 downed log C. VermontÕs old-growth  

live tree C has been reported at 139 Mg ha-1, 6 Mg ha-1, in the standing dead pool, and 12 

Mg ha-1 in the downed log pool. For a more detailed overview of regional C stock 

estimates, please refer to Table 1.  

 

1.7.2. Aboveground carbon modeling projections 

Forest stand development models serve as a useful tool to simulate forest 

growth and harvest scenarios and when available, compare projected outcomes with 
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empirical data. Forest Vegetation Simulator (FVS) is a widely accepted and well-

recognized distance-independent and individual tree-based field model, designed for 

even- and uneven-aged stands, best suited to the forest growth parameters of this study. 

FVS was selected as a modeling program for my study because of its wide use and 

acceptability in forest management to project forest stand development for a variety of 

management applications (Crookston and Dixon 2005).  

In certain situations, FVS has been known to over-predict carbon amounts. 

Gunn et al. (2014), found FVS to over estimate carbons stocks in both late-successional 

and old-growth northeastern forests, likely due to a lack of calibration data because of the 

rarity of these forest types across the Northeast and also increased disturbance amounts 

within these forests not accounted for by FVS. However, MacLean et al. (2014) found 

that uncalibrated regional FVS tended to under predict carbon for FIA plots across the 

northeastern United States. Differences in FVS projected outcomes for northeastern tree 

growth and C stocking suggest an inherent need to continue to work on calibration 

methods and an overall awareness of differences in methods for conducting carbon stock 

assessments and calculations. Additionally, the effects of disturbance (e.g. beech bark 

disease) and climate change (e.g. changes in species distributions) on forest stand 

development in the Northeast also need to be considered for when projecting future forest 

conditions. Our study proposes using field inventory regeneration and site-specific stand 

compositional data to assess model accuracy. We plan to use FVS to project no-harvest 

baseline conditions to normalize site variability and compare against measured post-

harvest carbon outcomes.    
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1.8. Climate change and northeastern forests 

Climate change is having both gradual and long-term effects, direct and indirect 

on forests (Fig. 3), including changes to biodiversity, productivity, forest structure, and 

ecosystem services. Direct effects of climate change on forests include increased water 

use and evaporation as a result of warmer winters and longer growing seasons. Increased 

water use will decrease soil moisture, contributing to dry spells during summer, and 

decreased forest productivity. This could result in increased susceptibility of trees to 

disease, invasive species infestations, and threaten silvicultural resources (Rustad et al. 

2012). New EnglandÕs forests in particular are vulnerable to increasing infestations by 

invasive species and damage from more severe and frequent forest disturbances as a 

result of climate change. Habitat ranges of certain tree species are at risk as temperatures 

increase with the potential to be pushed northward by the end of the century.   

The NortheastÕs climate has warmed almost 2 degrees F between 1895 and 2011, 

an average of 0.16 degrees F per decade, and is projected to rise 5 to 10 degrees F by the 

end of the 21st century under all emissions scenarios (Horton et al. 2014). Precipitation is 

projected to increase 5 to 10% (up to 4 inches) by the end of this century, with a greater 

increase in the winter than summer and an increase in short and medium term droughts 

(Frumhoff et al. 2007). Additionally, the Northeast is experiencing a greater number of 

stronger precipitation events, windstorms, and extended cold periods or Òpolar vortexesÓ 

over the past 10 to 20 years (Frumhoff et al. 2007, Galford et al. 2014).  

The effects of changing precipitation and alterations in temperatures are 

significant for northeastern forest ecosystems, including exacerbating conditions favoring 

pest and pathogen invasions and changing disturbance frequencies and severities. The 
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hemlock woolly adelgid (Adelges tsugae) has already expanded its range north to Maine 

and into southern Vermont due to a more favorable climate over the last decade (Paradis 

et al. 2007), and is likely to continue expanding northward with warming temperatures. A 

reduction in snowpack has caused an increase in northeastern deer populations, resulting 

in increased browse effects on forest understories (Horton et al. 2014). Spring leaf-out is 

occurring earlier as a result of shorter winters. Research from northern hardwood forests 

at Hubbard Brook Experimental Forest in New Hampshire found significantly earlier 

spring leaf-out with an increase in green canopy of 10 days over a 47-year period 

(Richardson et al. 2006). Although extended growth periods should increase productivity, 

other stressors (water, heat, disease, pests, and acid deposition) often limit the extent to 

which forests are able to take advantage of longer growing seasons.  

Northeastern forests have experienced transitions in climate and species 

composition for tens of thousands of years (Foster et al. 2004). Forests are slow to 

respond to such variations, and it is therefore difficult to accurately model future forest 

species distributions as a result of climate change as humans accelerate the degree to 

which climate transitions are occurring. Trees have long life spans, slow dispersal rates, 

and the ability to adapt genetically to changing climate, adding to the complexity of 

modeling future suitable ranges based on such factors as increasing temperature and 

alterations in precipitation amounts (Rustad et al. 2012). Human-accelerated climate 

change is making it even less clear how forests will respond to changes in suitable 

habitat. Climate models project dramatic range shifts of dominant tree species in the 

northeastern U.S. over the next 100 years (Iverson et al. 2008). High elevation spruce-fir 

forests are most vulnerable to rising temperatures associated with some of the long-term 
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effects of climate change, and climate models project their suitable habitat to be virtually 

nonexistent in the Northeast within 100 years under all emissions scenarios (Rustad et al. 

2012). Oak-pine forests, which are more tolerant to warmer temperatures, are projected to 

expand northward throughout the Northeast, replacing current dominant hardwood 

species like maple and birch (Rustad et al. 2012). However, the combination of changing 

precipitation, temperature, disturbance, and biogeochemical cycles add to the 

complexities of projecting how northern U.S. forests will respond. Holistic management 

approaches that focus on promoting species diversity, structural complexity, and carbon 

storage can serve as an option for climate mitigation.  

 

1.9. Integration of old-growth characteristics with enhanced carbon storage 

Silvicultural treatments that enhance carbon storage while providing other co-

benefits, such as late-successional biodiversity associated with stand structural 

complexity are of interest both domestically and abroad (e.g. Gustafsson et al. 2012, 

Ducey et al. 2013, Chen et al. 2015). Prior studies (Angers et al. 2005, Bauhus et al. 

2009, Puettmann et al. 2015) suggest that silvicultural treatments promoting or 

accelerating the development of late-successional structure may offer particular potential 

for this type of multi-functional forestry.   

A combination of silvicultural approaches can elevate carbon storage potential 

at the landscape level while also providing opportunities for timber harvest and other co-

benefits (Schwenk et al. 2012). For example, irregular shelterwoods and selection 

systems maintain carbon stores in large trees and when combined with thinning 

treatments increase spatial heterogeneity and structural complexity (D'Amato et al. 2011). 
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Carbon sequestration is increased through tree regeneration and carbon stores are 

maintained through large tree retention. There are tradeoffs, however, when maximizing 

the potential of both stand structural complexity and carbon storage benefits. DÕAmato et 

al. (2011) found that with increased stocking, stand structural complexity decreased in the 

upper Great Lakes region. Live tree carbon increment rates were also lowest in stands 

with the highest stocking levels, even though theses stand conditions maximized carbon 

stores. Alternatively, increasing northeastern carbon storage in existing forests has been 

suggested through increases in live tree stocking (Heath and Hoover 2011), with mean 

live tree C storage measuring from 74 to 106 Mg/ha in fully stocked forests, 94.1 Mg/ha 

in Vermont forests. Considering an estimated 49% of northeastern timberlands are below 

their live tree stocking potential (Hoover and Heath 2011), there is a need for research on 

multi-functional silvicultural approaches that increase stocking, complexity, and carbon 

stores in northern hardwood forests.  

Structural enhancement treatments present an option for continued management 

coinciding with the northeastern forest natural disturbance regime (Seymour et al. 2002), 

as previously discussed. U.S. forests recover and store approximately 15% of all carbon 

dioxide from U.S. emission sources, but with improved forest management this could 

increase to 25% (EPA 2014). Disturbance-based/alternative stand structural management 

promoting legacy tree retention, inputs to coarse woody debris pools, and increased 

vertical and horizontal heterogeneity and biomass levels are options for maximizing C 

storage potential (Franklin and Pelt 2004, Gustafsson et al. 2012) in addition to providing 

habitat function and maintaining biodiversity (Lindenmayer et al. 2000, Keith et al. 

2009).  
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1.10. Project overview 

Prior research has focused on harvest effects on stand structure (Keeton 2006) 

and elements of late-successional biodiversity, including herpetofauna (McKenny et al. 

2006), herbaceous plant communities (Smith et al. 2008), and fungal response (Dove and 

Keeton 2015), but has not evaluated carbon storage. This study proposes using the 10-

year time span of inventory data post-treatment to further evaluate the effectiveness of 

treatments tested on biomass retention and carbon storage in experimentally treated areas 

on Mount Mansfield and in Jericho. Analysis of inventory data can determine factors 

influencing differences between treatments (site conditions, initial species composition, 

treatment types, fluxes between carbon pools, etc.). Results from this study will address 

the need for more research on the effects of silvicultural treatments on carbon fluxes in 

aboveground biomass pools (Gunn et al. 2014), provide carbon and forest structure 

management tools for landowners, and also highlight areas for continued research 

opportunities on this project. 

 

1.11. Conclusions 

Climate mitigation is now an integral part of sustainable forest management. With 

climate change projected to significantly raise temperatures and alter precipitation 

patterns under all emissions scenarios across the northeastern U.S. by the end of this 

century (IPCC 2013), this is adding to the complexities of forest management considering 

the effects on forest ecosystems are still uncertain. Projected impacts on tree growth and 

species distributions indicate potential shifts from our northern hardwood maple-beech-
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birch forest to a southern oak-hickory forest with suitable high elevation spruce-fir 

habitat disappearing. Research is needed to project how the effects of climate change will 

affect carbon storage potentials of stands under future conditions (Hoover and Heath 

2011).  

A more widespread adoption of silvicultural practices with a focus on structural 

complexity enhancement, biomass development, ecosystem function, and diversity in 

species composition stands to promote resilience to climate change and also address the 

issue of global decline in biodiversity and carbon stocks (Lindenmayer et al. 2012). 

Silvicultural treatments that enhance structure and carbon storage can offer a variety of 

ecosystem services and management tools for landowners at multiple scales. Global 

carbon markets, temperature and precipitation alterations, and shifts in disturbance 

frequencies and intensities are increasing the necessity for landowners and forest 

managers to be prepared with a suite of management alternatives. These include the 

modification of harvests to increase retention and rotation length, in addition to the 

emulation of natural disturbance regimes. Forest clearing for agriculture, development, 

and other forms of land use conversion is reducing carbon storage potentials and 

transitioning old-growth/late-successional forested areas from a net carbon sink to source.  

Silvicultural treatments evaluated in this study present a range of alternative carbon forest 

management options including resilience and adaptation to climate change, structural 

enhancement, and maintenance of biodiversity.  
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Figure 2: United States net forest CO2 emissions/sequestration corresponding 
with the change in forest land area over time. Carbon emissions/sequestration are 
represented by the blue line and change in forest cover by the green shaded area. 
Forest CO2 emissions peak in the early 1900s coinciding with the height of forest 

clearing in the U.S. Adapted from Joyce et al. (2014). 
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Figure 3: Direct and indirect effects of climate change on forests. 
Adapted from Keeton et al. (2007). 
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CHAPTER 2: INTEGRATING MANAGEMENT FOR OLD -GROWTH 

CHARACTERISTICS WITH ENHANCED CARBON STORAGE IN NORTHE RN 

HARDWOOD -CONIFER FORESTS 

 

2.1. Abstract 

Forest management practices emphasizing stand structural complexity are of 

interest across the northern forest region of the United States because of their potential to 

enhance carbon storage. Our research is nested within a long-term study evaluating how 

silvicultural treatments promoting late-successional forest characteristics affect 

aboveground biomass development in northern hardwood forests. We are testing the 

hypothesis that biomass development (carbon storage) will be greater in structural 

complexity enhancement (SCE) treatments when compared to conventional uneven-aged 

treatments. SCE treatments were compared against selection systems (single-tree and 

group) modified to retain elevated structure. Manipulations and controls were replicated 

across 2-hectare treatment units at two study areas in Vermont, USA. Data on 

aboveground biomass pools (live trees and coarse woody material, standing dead and 

downed wood) were collected pre- and post-harvest then again a decade later in 2013. 

Species group-specific allometric equations were used to estimate live and standing dead 

biomass and downed log biomass was estimated volumetrically. We used Forest 

Vegetation Simulator to project Òno-treatmentÓ baselines specific to treatment units, 

allowing measured carbon responses to be normalized relative to differences in site-
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specific characteristics and pre-treatment conditions.  

Results indicate that 10 years post-harvest biomass development and carbon 

storage were greatest in SCE treatments compared to conventional treatments, with the 

greatest increases in coarse woody material (CWM) pools. Structural complexity 

enhancement treatments contained 12.67 Mg ha-1 carbon in CWM compared to 6.62 Mg 

ha-1 in conventional treatments and 8.84 Mg ha-1 in areas with no treatment. Percentage 

differences between post-harvest carbon and baseline values indicate that carbon pool 

values in SCE treatments returned closest to pre-harvest or untreated levels over 

conventional treatments. Total carbon storage in SCE aboveground pools was 15.90% 

below baseline conditions compared to 44.94% less in conventionally treated areas (P = 

0.006). Results from CART models indicated treatment as the strongest predictor of 

aboveground C storage followed by site-specific variables, suggesting a strong influence 

of both on carbon pools. Structural enhancement treatments have the potential to increase 

carbon storage in managed northern hardwoods based on the results. They offer an 

alternative for sustainable management integrating carbon, associated climate change 

mitigation benefits, and late-successional forest structure.  

 

2.2. Key words 

Carbon storage; Carbon forestry; Alternative silviculture; Northern hardwoods; Structural 

complexity enhancement; Forest Vegetation Simulator; Late-successional/old-growth 

forestry 
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2.3. Introduction  

Forests globally function as a significant carbon sink, storing ~45% of terrestrial 

carbon (Bonan 2008), yet are a leading source of carbon emissions due to deforestation 

and forest degradation (Keith et al. 2009). An estimated 36% of the historical extent of 

the worldÕs forests have declined (16.4 million km2) over the last 200 years (Meiyappan 

and Jain 2012). Although widely acknowledged that forest ecosystems of greater maturity 

and structural complexity maintain high levels of carbon storage (Harmon et al. 1990, 

Luyssaert et al. 2008, Keeton et al. 2011, Hoover et al. 2012, Cunningham et al. 2015), 

there is ongoing debate regarding the effects of different silvicultural approaches on 

carbon storage (Ruddell et al. 2007, Thomas et al. 2007, Nunery and Keeton 2010). 

Managing for old-growth/late-successional forest structure has the potential to be an 

important co-benefit to carbon storage and enhanced biomass development, and is of 

particular interest across northern New England, U.S.A. In this study, we quantified 

aboveground biomass and carbon storage in northern hardwood-conifer forests over a 10-

year period following an experimental silvicultural treatment, structural complexity 

enhancement (SCE), and determined how this compared both to conventional selection 

harvesting systems and passive (no-harvest) management. This study also provides an 

opportunity to test empirical, long-term data against earlier projections (Keeton 2006) 

and other model simulations (Nunery and Keeton 2010).  

Prior to 19th century clearing, an estimated 70-89% of the forests that covered the 

Northeast were old-growth hardwood forests, greater than 150 years of age (Lorimer and 

White 2003). Today less than 0.5% of northeastern forests have old growth or late-
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successional characteristics (Davis 1996) as a result of widespread 19th century clearing 

for agriculture (Lorimer and White 2003). Compared to primary or late-successional 

forests, secondary forests are often younger in age, lack vertical and horizontal 

complexity, and have lower densities of both live and dead trees (Keeton et al. 2007b). 

Late-successional forests have greater amounts of vertical and horizontal structure, tree 

age and size class distributions, and diversity in species composition, lending to greater 

levels of complexity (McGee et al. 1999, Franklin et al. 2002 DÕAmato et al. 2011, 

McElhinny et al. 2005). Structurally complex temperate forests are known to maintain 

higher levels of biological diversity (Lindenmayer et al. 2000), hydrologic regulation 

(Wirth et al. 2009), and carbon storage (Keeton et al. 2011, Hoover et al. 2012, 

McGarvey et al. 2015). Over the past decade several studies have investigated forest 

management practices specifically designed to promote late-successional/old-growth 

forest characteristics, both in the U.S and internationally (Lindenmayer et al. 2000, 

Bauhus et al. 2009, Ducey et al. 2013, Duveneck et al. 2014). However, less well 

understood is whether these approaches would also have utility for carbon management, 

and thus, this question is the focus of this paper. 

Silviculture is the act of forest management by controlling tree growth and 

establishment to meet a multitude of long term goals, needs, and values (Smith 1962). 

Carbon forestry employs silvicultural prescriptions of varying intensities and frequencies 

with one goal being the enhancement of carbon storage potential in aboveground 

biomass. Silvicultural treatments that enhance carbon storage while providing other co-

benefits, such as late-successional biodiversity associated with stand structural 

complexity are of interest both domestically and abroad (e.g. Gustafsson et al. 2012, 
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Ducey et al. 2013, Chen et al. 2015). Prior studies (Angers et al. 2005, Bauhus et al. 

2009, Puettmann et al. 2015) suggest that silvicultural treatments promoting or 

accelerating the development of late-successional structure may offer particular potential 

for this type of multi-functional forestry.  

How to best manage forests for carbon storage is actively debated among 

researchers (Harmon 2001, Fahey et al. 2010, Birdsey and Pan 2015). Some suggest 

management scenarios with increased growth rates yield greater levels of carbon 

sequestration (Birdsey et al. 2006), while others propose limited or passive management 

techniques to maximize structural complexity and carbon storage, promoting 

maintenance of old-growth forests for maximum carbon uptake (e.g. Krankina and 

Harmon 1994, Luyssaert et al. 2008). In northern Minnesota for example, extended 

rotations are used to accelerate the advancement of diameter classes to larger size classes 

comparable to old-growth stands (Silver et al. 2013). The re-allocation of basal area to 

larger size classes, legacy tree retention, the addition of variable horizontal density (small 

canopy gaps), and elevating coarse woody debris amounts all function to promote old-

growth/late-successional stand development. Low-intensity treatments with increased 

post-harvest residual basal areas, longer rotations, and fewer entry cycles are likely to 

increase carbon storage potential over the long term (Gustafsson et al. 2012, Palik et al. 

2014). Alternatively, some argue intensified and expanded management will elevate 

carbon sequestration potential by increasing growth rates and carbon sequestered in 

harvested wood products, for instance through shorter rotations and more frequent entries 

(Malmsheimer et al. 2008). While the effectiveness of intensified management as a 
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carbon management strategy remains under debate (McKinley et al. 2011), it is clear that 

shorter rotations and intensified harvesting generally produce less complex stand 

structures, and if applied broadly enough, reduce the availability of late-successional 

habitats at the landscape scale (Gronewold et al. 2012). Less intensive management 

focused on promoting structural complexity may provide an alternative, contributing to 

climate mitigation through enhanced carbon storage while providing late-successional 

habitats (see for example Smith et al. 2008, Dove and Keeton 2015).   

Rapidly developing voluntary and compliance carbon markets are providing a 

financial incentive for forest carbon projects that generate greenhouse gas emissions 

offsets (Russell-Roy et al. 2014, Kerchner and Keeton 2015). This is encouraging broader 

adoption of forest management techniques that stock carbon across larger scales (Hoover 

and Heath 2011). Carbon sequestration in established forests offsets 30% of global CO2 

emissions (Pan et al. 2011), with the potential to increase gross terrestrial C uptake by ~2 

Pg C annually (Birdsey and Pan 2015). A combination of silvicultural approaches can 

elevate carbon storage potential at the landscape level while also providing opportunities 

for timber harvest and other co-benefits (Schwenk et al. 2012). For example, irregular 

shelterwoods and selection systems maintain carbon stores in large trees and, when 

combined with thinning treatments, increase spatial heterogeneity and structural 

complexity (DÕAmato et al. 2011). Reducing harvest intensities and increasing post-

harvest residual basal areas has been found to be an effective mechanism at increasing 

carbon stores in northern Minnesota (Gunn et al. 2011).  

This paper adds to several previous investigations of responses to structural 

complexity enhancement (Angers et al. 2005, Dyer et al. 2010, Silver et al. 2013), while 
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relatively few studies have explored carbon storage potential and structural retention. 

Prior research has focused on harvest effects on stand structure (Keeton 2006) and 

elements of late-successional biodiversity, including herpetofauna (McKenny et al. 

2006), herbaceous plant communities (Smith et al. 2008), and fungal response (Dove and 

Keeton 2015). Here we report on aboveground carbon pools, explicitly addressing the 

question of how structural complexity enhancement affects carbon storage and fluxes in 

aboveground pools in northern hardwood-conifer forests. Will structural complexity 

enhancement (SCE) silvicultural treatments enhance carbon storage and fluxes over 

conventional selection systems? Is active management able to accelerate biomass 

development above the baseline that would have occurred without treatment? Answering 

these questions will help inform efforts to integrate carbon forestry and old-growth 

silviculture in both the northern forest region and beyond (e.g. Bauhus et al. 2009). We 

hypothesize that 10 years post-treatment: 1) additions to aboveground carbon will be 

greater under SCE compared to conventional selection treatments and relative to modeled 

growth potential without treatment (treatment effects); and 2) carbon accumulation rates 

will correlate positively with site productivity (treatment vs. site variability).  

 

2.4. Methods 

 
2.4.1. Study area  

  Study sites for this project are located within the Mount Mansfield State Forest 

(MMSF, 44¡30Õ23.03ÓN; 72¡50Õ11.24ÓW) and the Jericho Research Forest (JRF, 

44¡26Õ43.70ÓN; 72¡59Õ44.15ÓW) in Vermont, USA (Figure 1). The Mount Mansfield 
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study area falls within the central portion of the Green Mountains, Vermont with 

elevations ranging from 470 to 660 meters and Peru stony loam soils. Located at the 

foothills of the Green Mountains with elevations from 200 to 250 meters, soils at the 

Jericho study site are primarily Adams and Windsor loams sands or sandy loams. 

Supplementary live tree inventory data from the Forest Ecosystem Research Design Area 

(FERDA) experiment in New York, USA was also used to complement existing data in 

this study. The FERDA experiment contains two study sites, Keese Mill and VIC (Visitor 

Interpretive Center) (44¡25'59.6"N 74¡20'36.4"W), adjacent to Paul SmithÕs College in 

Franklin County, New York. Elevations at the FERDA sites ranged from 500 to 540 

meters and soils are Adams-Colton and Beckets-Tunbridge-Skerry complex, rocky and 

well drained.  

Forests in the Vermont study areas are comprised of mature, 70-100 year old 

northern hardwood-conifer species. Dominant overstory species include Acer saccharum 

(sugar maple), Fagus grandifolia (American beech), Betula alleghaniensis (yellow birch) 

and Tsuga canadensis (eastern hemlock). There are minor components of Picea rubens 

(red spruce) at the MMSF study area and Acer rubrum (red maple) and Quercus rubra 

(red oak) in the dominant canopy at the JRF study area. Over the course of the 20th 

century, there were four to six recorded management entries in the study areas post-

establishment (Hannah 1999), resulting in multi-aged forest structure confirmed through 

pre-treatment tree coring as reported in Keeton (2006). Dominant overstory species at the 

FERDA study area include Acer saccharum (sugar maple), Fagus grandifolia (American 

beech), Betula alleghaniensis (yellow birch), with minor components of Acer rubrum 
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(red maple) and Picea rubens (red spruce). The FERDA sites were used extensively for 

agriculture until the 1900s and have been partially harvested at least once. 

 

2.4.2. Silvicultural treatments 

This long-term project employs a before-after-control-impact (BACI) 

experimental design (Krebs 1999), with structural metrics compared pre- and post-

harvest and between silvicultural treatments. Initiated in 2001, with treatments 

implemented in 2003, this project presents a unique opportunity to assess over 10 years 

of post-treatment response data. 

Pre-treatment data were collected in 2001 and 2002, treatments introduced to the 

MMSF and JRF study sites in 2003, and 10 years of post-treatment response data 

evaluated in 2013. The three experimental manipulations included two conventional 

uneven-aged treatments (single-tree and group selection) modified to enhance post-

harvest structural retention, and a SCE treatment designed to enhance late-successional 

forest structure. Treatments were implemented across 2 ha units in a randomized block 

design, separated by a minimum 50 m buffer (Fig. 4). Each MMSF and JRF treatment 

unit contains 5 randomly placed permanent sample plots that are 0.10 ha in size; plots 

thus cover 25% of each treatment unitÕs total area. An important element of the SCE 

treatment was the target diameter distribution, which was based on a rotated sigmoid 

form (Goff and West 1975, O'Hara 1998). In selecting this distribution over a negative 

exponential or Òreverse JÓ form, the objective was to allocate more growing space and 

basal area to larger size classes, thereby promoting development of both late-
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successional/old-growth structure and biomass accumulation over time. The rotated 

sigmoid exponential distribution was achieved through the application of a non-constant 

q-factor in each diameter size class (see Table 2 for details). Target residual basal area, in 

this case a desired future condition, was set at 34 m2 ha-1 and max diameter at breast 

height (dbh) to 90 cm, indicative of late-successional structure. Late-successional 

structure was further enhanced through crown release around larger trees, and 

silvicultural creation of coarse woody debris, small canopy gaps (0.02 ha mean size), 

standing dead trees, and tip-up mounds (see Keeton 2006). Conventional uneven-aged 

treatments included single-tree and group selection harvests, with target residual basal 

areas of 18.4 m2 ha-1. Single-tree and group selection treatments had the same BDq 

prescriptions (Table 2), though applied in dispersed or aggregated pattern respectively. 

Group selection cutting patches averaged 0.05 ha in size, with nine groups per treatment 

unit. Groups were well distributed but placed to release desired advanced regeneration; 

there was light retention of large dead trees and mature beech exhibiting resistance to 

bark disease (Nectria coccinea var. faginata) within some groups. 

Supplementary conventional (single-tree and group selection) and control 

treatment live tree data were used from the FERDA project, initiated in 1998 and 

harvested in 2000, with replications at Keese Mill and VIC sites. FERDA treatment units 

are 2 ha with 8 permanent plots per unit, 0.04 in size. FERDA single-tree and group 

selection treatment replications matched MMSF and JRF, with similar target post-harvest 

residual basal areas (18.4 m2 ha-1), BDq, and selection patch sizes (0.05 ha). We selected 

FERDA replications for use in this study with pre-treatment basal areas most comparable 
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to the JRF and MMSF study sites. There were additional treatment types tested in the 

FERDA project, data from which were not used in this project. 

Each conventional treatment was replicated twice at the MMSF and JRF study 

sites (across a total of 4 units), and twice at each FERDA site (Keese Mill and VIC). The 

SCE treatment was replicated two times at the MMSF and two times at the JRF. There 

are two un-harvested control units at Mount Mansfield, two at Jericho, and two controls 

used from the FERDA project. 

 

2.4.3. Field inventory 

 The field inventory data used in this study focused on measurements needed for 

aboveground biomass estimations. Within each plot (MMSF and JRF sites) we measured, 

identified, recorded, and permanently tagged all live and standing dead trees !  5 

centimeters diameter at breast height (dbh) and > 1.37 m tall. We recorded decay class 

(1-9) for all standing dead trees following Sollins et al. (1987) and measured standing 

dead heights using an Impulse 200 laser range finder (Laser Technology, Englewood, 

Colorado, USA). Downed log volume by decay class (1-5) (Sollins et al. 1987) was 

estimated following the line-intercept method (Shivers and Borders 1996) for all downed 

logs >1 m in length and ! 10 cm diameter along two 31.62 m center transects bisecting 

each plot. Diameter-at-intersect, species, and decay class for each log along the center 

transects were recorded. For regeneration estimates, we tallied seedlings by species 

within a 1 m belt along each center transect nested inside each permanent plot. In the 

FERDA plots, all live and standing dead trees !  2.54 cm dbh were inventoried and 
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permanently tagged but downed wood was not inventoried.   

 

2.5. Data processing and analysis 

 
2.5.1. Stand-structural metrics 

We compared MMSF and JRF field inventory data collected in 2013 with 

inventory data from 2003 (first year post-harvest) and 2001 (pre-harvest and the year of 

project initiation) to assess differences in levels of carbon storage pre- and post-harvest 

and between treatments. A comparable period pre- and post-harvest was used for the 

FERDA live tree data. We input all field inventory data (pre- and post-harvest) into the 

Northeast Ecosystem Management Decision Model (NED-3) (Twery and Thomasa 2014) 

to generate stand structural metrics. These included live, dead, and total tree basal area, 

stem density, aboveground biomass, live tree quadratic mean diameter (QMD) and 

percent hardwood (Table 3). Slope and aspect were averaged for each treatment unit and 

site indexes were determined from pre-harvest tree core and height information (MMSF 

and JRF) and from the Natural Resources Conservation Service soil survey (FERDA).  

 

2.5.2. Biomass and carbon quantification  

To quantify live tree and standing dead carbon during each pre- and post-harvest 

inventory year studied, we first estimated live and dead tree biomass using Jenkins et al. 

(2003) group-specific allometric equations embedded in NED-3. Live tree carbon was 

calculated by dividing the mean biomass for each treatment unit by two. Biomass 

calculations are the same for both live and dead trees in NED using the Jenkins et al. 
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(2003) equations. Consequently, to determine standing dead tree biomass and carbon 

content, we made deductions to the allometrically derived estimates following the CARB 

(California Air Resources Board) carbon inventory protocol (Climate Action Reserve 

2014). Adjustments reflected the amount of biomass missing (e.g. from breakage, decay, 

disease, etc.) from each dead tree when compared to its living counterpart. Deductions 

were determined by calculating the difference between the measured standing dead tree 

height compared to the pre-treatment inventoried live tree height for the same stem. For 

missing live tree heights, we used regression equations determined by diameter-species 

relationships using existing tree inventory data. We then applied a density reduction 

factor following Harmon et al. (2011) correlating with measured decay class to all 

adjusted standing dead biomass values. Mean standing dead carbon for each unit was 

calculated using the final adjusted biomass values for individual standing dead trees 

divided by two. Downed log carbon content was determined following Harmon et al. 

(2008). Inventoried downed log volumes were adjusted by species specific gravities for 

each decay class (1-5). Adjusted volumes were then transformed to biomass and adjusted 

by carbon content by decay class. Species were assigned proportionate to the mean 

overstory basal area per treatment unit for all unknown species. 

 

2.5.3. Carbon responses to treatments 

Carbon response trends were evaluated first using mean absolute values for each 

pool (live tree, standing dead, downed log) by treatment. For all carbon response 

comparisons, single-tree and group selection treatments were grouped into a 
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ÒconventionalÓ uneven-aged treatment following Keeton (2006). There was no significant 

difference in stand structural responses for each treatment type, supporting this grouping 

(see Table 2).  

 For the second carbon quantification assessing post-harvest carbon storage in 

each treatment relative to untreated or ÒbaselineÓ conditions within each unit, we 

calculated percentage differences between post-harvest and baseline carbon values for all 

measured pools within treatments. This determined how near to the un-harvested or 

ÒbaselineÓ condition each treatment returned 10-years post-harvest. We chose the 

percentage difference metric as a standardized comparison normalizing relative 

difference between harvested and baseline values across the range of inherent site 

variability. Percentage differences were calculated following Littlefield and Keeton 

(2012), modified from Westerling et al. (2006). Percentage differences were calculated as 

follows: 

  Percentage difference = [(VH Ð VB)/((VH + VB)/2)] * 100 

 where VH is equal to a post-harvest carbon value, and VB is equal to a baseline 

carbon value (see below for ÒbaselineÓ carbon definitions). Using the above formula, we 

compared carbon storage in each pool 10 years post-harvest against baseline values 

specific to each treatment unit. In this analysis, a zero (0) percentage difference indicates 

no difference from the baseline conditions; a negative (-) percentage difference indicates 

below the baseline; and a positive (+) percentage difference indicates above or surpassed 

the baseline conditions. Therefore, for post-harvest-baseline carbon pool comparisons, 

percentage differences that are closer to 0/above 0 indicate greater C storage potential. 
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Carbon flux for each pool was defined as the amount of C lost or gained over the 

10-year interval post-harvest (Mg ha-1 yr-1) (Harmon 2001, Russell et al. 2014). These 

were calculated by determining the difference between mean carbon the year 

immediately post-harvest and mean carbon 10 years post-harvest and dividing by 10 (the 

time span of comparison).  

 

2.5.4. Modeling no-management scenarios to produce baseline conditions for each 

treatment unit 

 For the live tree carbon pool, we simulated baseline conditions for comparison 

to post-harvest data using growth and yielding to project stand development in each unit. 

We did this by projecting 10 years of growth using pre-treatment data and assuming no 

treatment or management. This provided a baseline for normalizing measured (i.e. 

empirical) carbon responses against the inherent growth and carbon accumulation 

potential specific to each unit, for instance related to differences in site productivity, 

initial stocking, and stand composition and quality. The northeastern variant of the Forest 

Vegetation Simulator (NE-FVS) was selected for this purpose because of its wide use in a 

variety of forest management (Crookston and Dixon 2005) and carbon offset applications 

(Kerchner and Keeton 2015). NE-FVS is a distance-independent and individual tree-

based growth and yield model suitable for both even and uneven-aged stands. Regional 

validation studies of NE-FVS have shown accurate volume and biomass projections in 

northern hardwood forests, within 10-15% when simulating forest growth (Yaussy 2000). 

However, a limitation is that FVS has been shown to have known inaccuracies estimating 
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large, live tree growth in northeastern U.S. late-successional and old-growth forests 

(Gunn et al. 2014, MacLean et al. 2014). In our study this limitation is acceptable in that 

the resulting growth projections are conservative, for only a 10-year time interval. Our 

FVS projections allowed us to test our first hypothesis regarding treatment effects.  

Stand level growth simulations in FVS are known to be sensitive to regeneration 

inputs (Ray et al. 2009). Therefore, we evaluated growth sensitivity in our projections by 

modeling three different regeneration input scenarios: inventoried regeneration densities, 

adjusted inventoried regeneration densities (by one order of magnitude), and no 

regeneration (Table 4). We found that there was 5-10% variability in growth projections 

between the different regeneration scenarios. With increasing regeneration, density-

dependent mortality in overstory trees increased due to model behavior, producing more 

variation in live tree biomass development and basal area amounts. We chose the Òno 

regenerationÓ scenario for our final FVS no-management baseline projections to maintain 

consistency in forest growth projections.  

 The no-management baseline CWM (standing dead and downed wood) carbon 

pools were assumed to be equivalent to the pre-harvest values; changes in the CWM 

pools were also compared against the controls, as were the live tree pool. We did not 

model CWM development because recruitment into this pool was unlikely to have 

changed significantly over the 10-year time interval (Woodall 2010, Russell et al. 2014).  

 

2.5.5. Statistical analyses 

To explore our first hypothesis (treatment effects), we tested for statistically 

significant differences in carbon responses between treatments by pool, and comparing 
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the empirical values 10 years post-harvest to the no-management baseline. For this 

purpose we employed one-way ANOVA tests and post-hoc Tukey-Kramer multiple 

comparisons. Statistical comparisons of means by treatment and pool were conducted in 

JMP Pro 11 (SAS Institute Inc. 2013). Shapiro-Wilk tests for normality confirmed normal 

distribution of data (alpha = 0.05) and one-way ANOVAs and Tukey-Kramer HSD 

(honest significant difference) post-hoc mean comparisons tested for significant 

differences in carbon pool means pre- and post-harvest. Homogeneity of variance was 

tested using F-tests. 

To test our second hypothesis (treatment vs. site variability), we evaluated the 

relative influence of multiple independent variables (e.g., treatment type, site 

productivity, location, and other site characteristics) on the dependent variables 

(percentage difference carbon per pool). This consisted of Classification And Regression 

Tree (CART) analyses (Breiman et al. 1984) conducted in S-plus 8.2 (TIBCO Software 

2010). CART is a robust non-parametric technique that accommodates both categorical 

and continuous variables (Littlefield and Keeton 2012). A tree hierarchically ranks the 

predictive power of multiple independent variables by repeatedly splitting dependent 

variables into more homogenous groups based on combinations of independent or 

explanatory variables, which can explain variation within partitioned values of the 

dependent variable (De'ath and Fabricius 2000). We used a robust set of predictor 

variables (n/2) representative of site variability (percent hardwood, slope, aspect, 

location) (Table 5). Cost-complexity pruning was used to remove insignificant nodes ("  = 

0.05).  
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2.6. Results 

 

2.6.1. Carbon responses post-treatment 

Our results support the first hypothesis, that SCE carbon amounts and fluxes 10-

years post harvest would be greatest relative to pre-harvest or no-management baseline 

values when compared to conventional treatments. Comparisons of treatments pre- to 

post-harvest indicate greatest amounts of biomass development (carbon storage) (Fig. 5) 

and greatest carbon fluxes (Table 7) in structural complexity enhancement treatments as 

compared to conventional treatments. Percentage differences (Table 6, Fig. 7) show the 

greatest increases occurred in post-harvest SCE carbon relative to pre-harvest levels.  

Mean SCE standing dead and downed log carbon post-harvest (2013) was greater 

in SCE treatment units than conventional and controls (Fig. 5). Live tree and total C was 

significantly greater in controls than conventional units 10 years post-harvest (P = 0.004) 

and was also greater in SCE units than conventional units. Mean SCE standing dead 

carbon 10 years post-harvest measured 3.67 Mg ha-1 compared to 2.03 Mg ha-1 and 3.26 

Mg ha-1 in conventional and control treatments, respectively. Mean SCE downed log 

carbon measured 9.00 Mg ha-1 in SCE treatments compared to a conventional mean of 

4.14 Mg ha-1 and 4.80 Mg ha-1 for controls. Post-harvest mean live tree carbon was 98.22 

Mg ha-1 in SCE treatments compared to 77.17 Mg ha-1 and 112.85 Mg ha-1 in 

conventional and control treatments. Total carbon in SCE treatments was 110.89 Mg ha-1, 

83.34 Mg ha-1 in conventional treatments, and 120.91 Mg ha-1 in control treatments. 

Limited significance in C differences between treatments for each year can be attributed 
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to site variability factors including DCWM decay rates, percent hardwood/conifer basal 

areas, site index values, and greater initial inputs of dead wood to DCWM pools.  

Relative to conventional treatments, SCE carbon fluxes were either greater or 

comparable in live tree, standing dead, and downed log pools, which also supported our 

first hypothesis (Table 7). Mean live tree C flux measured 1.27 Mg ha-1yr-1 in the SCE 

units compared to 1.19 Mg ha-1yr-1 in the conventional units and 1.30 Mg ha-1yr-1 in the 

control units. Standing dead C fluxes measured -0.24 Mg ha-1yr-1 in SCE treatments, 0.25 

Mg ha-1yr-1 in conventional treatments, and -0.05 Mg ha-1yr-1 in controls. SCE downed 

log pools demonstrated the greatest difference in fluxes compared to other treatments, 

measuring -0.72 Mg ha-1yr-1 compared to -0.33 and -0.05 Mg ha-1yr-1 in conventional and 

control treatments, respectively (P < 0.05).  

Percentage differences between post-harvest and no-management baseline carbon 

for each pool were lowest in SCE treatments relative to conventional treatments, 

supporting our first hypothesis that SCE treatments will result in C levels closest to un-

treated or manipulated stand development (Table 6, Fig. 7). Percentage differences were 

below the baseline (negative) in all treatments in the live tree pool, measuring -17.45% in 

SCE units and -42.81% in conventional units. Standing dead SCE carbon was again 

closest to the baseline, with a -65.70% difference compared to -90.20% in conventional 

units. Downed log carbon under SCE surpassed the baseline with a measured 32.86% 

increase, yet in conventional units was still below, with a 40.02% decrease.  
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2.6.2. Effects of site variability on biomass development (carbon storage) 

It is evident from our CART results that treatment type is most influential on 

carbon storage across all pools, but that variability in site conditions interacted with 

treatment in determining carbon response in most situations, supporting our second 

hypothesis (treatment vs. effect). Treatment type explained variations in percentage 

differences in carbon storage at the first and sometimes secondary splits of all trees (Fig. 

3). Individual pools demonstrated different responses in carbon storage due to variations 

in site conditions, demonstrated by relative ranking of secondary predictor variables. Five 

predictor variables were selected for the final CART models: treatment, aspect, slope, site 

index, and percent hardwood (percent of hardwood basal area) (Table 5). 

The live tree carbon CART model (Fig. 5A) primary split (most influential 

predictive variable) was split between conventional treatments and SCE and control 

treatments. Carbon storage potential increased moving from conventional treatments to 

control and SCE treatments. Conventionally treated areas were additionally influenced by 

aspect (at the secondary split), with the percentage difference carbon increasing in 

negative value (less post-harvest carbon relative to reference carbon) as site orientation 

moved to the northwest. Percent hardwood and treatment were selected as partitioning 

points for variance within controls and SCE treatments, with percentage difference 

increasing in positive value (greater carbon storage) with increase in percent hardwood 

and from SCE to control treatments.  

 In both coarse woody material models (Fig. 5B and C), there is a stronger 

influence of site variation on carbon storage, as indicated by the selection of slope, site 

index, percent hardwood, and location as predictor variables in the final models. 



 

 51 

Treatment was selected as the most important predictor of percentage difference between 

post-harvest and reference carbon in both models. In the standing dead model (Fig. 5B) 

the primary node was split between SCE and conventional treatments and controls. 

Carbon storage potential was greatest in controls and lowest in SCE and conventional 

treatments. Slope was selected as a secondary predictor for SCE and conventional 

treatments, with slopes less than 29o having less post-harvest than reference carbon, or a 

greater negative percentage difference. As slopes increased, percentage differences in 

CWM carbon decreased. Location was also ranked as secondary predictor variable for 

standing dead carbon in control treatments, with a greater percentage difference at the 

Mansfield site (higher amounts of standing dead carbon post-harvest than pre-harvest). 

Percentage difference for downed log carbon was greatest in SCE treatments, with the 

CART model (Fig. 5C) split between control and conventional treatments and SCE 

treatments. A secondary predictor of SCE-treated sites was site index, with the 

percentage difference for carbon increasing with decreasing site productivity. Percent 

hardwood and treatment were selected as partitioning points for variance among control 

and conventional treatments. 

 

2.7. Discussion 

Carbon stocking in aboveground biomass pools in northern hardwood forests 

increases with silvicultural prescriptions which aim to retain structure, increase horizontal 

and vertical complexity, and elevate coarse woody material. Of the treatments tested in 

this study, the SCE treatment resulted in aboveground carbon storage levels closest to un-
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harvested or no-management conditions. Additionally, after a decade this treatment 

maintained and developed greater amounts of carbon storage than the other selection 

systems tested, likely as a result of elevated post-harvest structural retention and other the 

silvicultural techniques employed in the SCE treatment (see Table 2 for prescription 

details). We also found site variability to have an important secondary effect on the 

amount and rate of carbon accumulation in each pool, with carbon storage potential 

generally increasing with site conditions favoring better growth response to silvicultural 

treatment, as indicated by our CART models.  

 

2.7.1. Carbon responses to old-growth structure enhancement  

Pre- and post-harvest measured carbon outcomes 

Absolute carbon 10 years-post harvest was greater in SCE units in all pools 

relative to conventional treatments. This can be attributed, in part, to a higher post-

harvest target residual basal area in SCE units during treatment and also to elevated 

CWM inputs for enhanced structural retention. SCE absolute carbon values were 

comparable to or above published regional values for C stocks, and for some pools close 

to regional old-growth/late-successional amounts. The USDA Forest Service (2015) 

recently reported mature northern hardwood mean live tree C to be between 60 and 80 

Mg ha-1, standing dead C between 2 and 4 Mg ha-1, and downed log C between 6 and 9 

Mg ha-1. Other studies specific to northern New England report comparable values 

(Keeton et al. 2011). Bradford et al. (2011) found northern New Hampshire mature 

hardwood forests (maximum age of 120 years) to contain 96 Mg ha-1 live tree C and 18 

Mg ha-1 C in coarse woody material. Whitman and Hagan (2007) reported higher levels 
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in mature northern hardwood forests in Maine, 113 Mg ha-1 live tree C, 10 Mg ha-1 

standing dead C, and 12 Mg ha-1 downed log C. Aboveground carbon amounts from our 

study were comparable to regional values, with SCE live tree C measuring 98.22 Mg ha-1, 

standing dead at 3.67 Mg ha-1, and downed log at 9.00 Mg ha-1. Regional old-growth 

northern hardwood C stocking has been reported at 116-141 Mg ha-1 live tree C, 8-22 Mg 

ha-1 standing dead C, and 12-18 Mg ha-1 downed log (Goodburn and Lorimer 1998, Fisk 

et al. 2002, Whitman and Hagan 2007, Bradford et al. 2010, Keeton et al. 2011, Hoover 

et al. 2012, Gunn et al. 2014, McGarvey et al. 2015).  Carbon stocking in SCE treatments 

10 years post-harvest was at the upper threshold or above regional mean values, and in 

some cases approaching regional old-growth stocking levels, indicating the effectiveness 

of this treatment type in promoting late-successional/old-growth C stocking levels and 

structure.   

 

Management vs. no-management effects on carbon accumulation 

When comparing measured carbon outcomes from treated units with no-harvest 

baselines utilizing percentage differences, SCE percentage differences for all pools were 

closest to or above the no-harvest baseline relative to conventional treatments. This is 

consistent with literature predicting accelerated biomass development and recovery of 

late-successional characteristics following treatments similar to structural complexity 

enhancement (Bauhus et al. 2009). Management scenarios involving no-treatment have 

consistently shown the greatest total long-term carbon storage, accounting for both in-situ 

forest carbon and the life cycle of wood products (Harmon 2001, Fahey et al. 2010, 
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Nunery and Keeton 2010). However, in our study the contrast with no management was 

lowest across all carbon pools under SCE as compared to the conventional treatments. 

This finding suggests great potential for low-intensity silvicultural techniques as carbon 

forestry approaches in the northern hardwood region, assuming regeneration and other 

management objectives are met, which of course will vary tremendously by site and 

ownership (Schwenk et al. 2012).  

The response of DCWM in this study was particularly promising toward the 

integration of management for late-successional habitats with carbon storage. Ten years 

post-harvest, downed log carbon under SCE was significantly higher than the no-harvest 

baseline and the control units. In addition to providing important habitat (McGee et al. 

1999, McKenny et al. 2006, Dove and Keeton 2015) and riparian functions (Keeton et al. 

2007b, Warren et al. 2009), our results suggest structural complexity approaches have the 

potential to store significant amounts of carbon in downed woody material, as well. 

 

Carbon flux variations by pool and treatment 

Carbon fluxes were greatest in the live tree and downed log pools following the 

SCE treatment.  These results indicate both a high level of C sequestration (uptake) from 

accelerated tree growth in response to harvest, as well as C loss through decay. The latter 

is likely due to the large input of silviculturally created coarse woody material. Our 

coarse woody material flux rates are comparable to regional published estimates (Russell 

et al. 2013, Bradford et al. 2010, Gunn et al. 2014). However, we note the difficulty in 

accurately measuring CWM flux rates due to the combined effects of density, volume, 

and/or biomass depletion in addition to losses from heterotrophic respiration (Forrester et 
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al. 2015). Additionally, CWM flux is usually greatest within the first 10 years post-

harvest. Live tree and total C flux rates for all treatments were greater than (Nunery and 

Keeton 2010, Gunn et al. 2014) or comparable to regional estimates (Bradford et al. 

2010), with SCE live tree flux measuring higher than conventional treatments. While the 

conventional treatments also showed elevated levels of tree growth, we found that SCE 

achieved similar or greater growth responses in overstory trees. This is an important 

finding relative to the potential for low-intensity treatments of this type to maintain both 

complex stand structures and to elevate carbon sequestration (see, for example, Bauhus et 

al. 2009). While our study does not provide a basis for determining a mechanism for the 

elevated uptake rates, it is possible this was due to crown release of dominant trees as 

well as variable canopy openness (or gapiness), both of which were explicit objectives of 

SCE.  

 

Comparisons of empirical data with modeled forest stand development 

This study provided the unique opportunity to compare empirical data with prior 

projected outcomes. Using previous results from replications tested in this study, Keeton 

(2006) projected aboveground biomass development in SCE treatments to be 91.4% of 

that projected under no-treatment potential 50 years post-harvest. Results from this study 

10 years post-harvest are already comparable to these projections, with SCE total C at 

84.1% of no-treatment potential. Projections for 50 years post-harvest biomass 

production (in the live tree pool) in conventional treatments were 79.1% of no treatment 

potential (Keeton 2006). We measured biomass development following conventional 



 

 56 

treatments at 55% of no-treatment potential. It is evident from our results that FVS 

significantly underestimated biomass development in the Keeton (2006) projections. This 

is consistent with the findings of MacLean et al. (2014) who found that uncalibrated 

regional FVS tended to under-predict carbon for FIA plots across the northeastern United 

States. Our findings are contrary to Gunn et al. (2014), however, who found FVS to over-

estimate carbons stocks in both late-successional and old-growth northeastern forests. 

Finally, total post-harvest aboveground carbon for conventional treatments measured in 

this study was nearly equal to (<1% difference) comparable treatments projected by 

Nunery and Keeton (2010). SCE total carbon measured 10 years post-harvest was only 

7.89% below that of 10-year projections for no-management scenarios modeled by 

Nunery and Keeton (2010). These differences in FVS projected outcomes for 

northeastern tree growth and C stocking suggest a need to improve model calibration and 

accuracy, particularly given the wide acceptance of FVS by forest carbon markets 

(Kerchner and Keeton 2015). Additionally, the effects of natural disturbances, invasive 

species (e.g. beech bark disease), and climate change (e.g. changes in species 

distributions) on forest stand development also need to be considered when projecting 

future forest conditions (Seidl et al. 2014).  

 

Site variability effects on carbon storage potential 

Our CART models were consistent in showing treatment type to have the greatest 

influence on carbon stocking in all aboveground pools measured. Model results also 

demonstrated the effect of site variability on C in pools. Disparity in carbon storage 

potential in all pools as a result of differences in site conditions were explained in CART 
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results (Fig. 5), suggesting a relationship between alterations in site conditions and 

biomass development/carbon storage similar to those described by Littlefield and Keeton 

(2012) and Nunery and Keeton (2010). It can generally be assumed that C storage 

potential was directly affected by aspects of site variability, such as percent hardwood, 

productivity, and slope, which was most clearly evident in the live tree and standing dead 

CART models (Fig. 5A and C).  

 

2.7.2. Implications for forest carbon management 

 Multi -functional forest management practices promoting the development of 

stand structural complexity and associated late-successional habitat characteristics 

(Keeton 2006, Bauhus et al. 2009) are likely to provide important carbon storage co-

benefits based on the results of this study. Disturbance-based management (Seymour et 

al. 2002, Franklin et al. 2007) promoting legacy tree retention, inputs to coarse woody 

debris pools, increased vertical and horizontal heterogeneity, and elevated biomass levels 

are options for maximizing C storage potential (Franklin and Pelt 2004, Gustafsson et al. 

2012). These provide important co-benefits in terms of habitat function and biodiversity 

conservation targeted at the full array of temperate forest species, including those 

associated with late-successional habitats (Lindenmayer et al. 2000, Keith et al. 2009). 

The re-allocation of diameter distributions to larger size classes supports the growth of 

large trees, an important element of late-successional forest structure. Recent research 

(Stephenson et al. 2014) analyzing 403 tropical and temperate trees species indicates that 

tree growth rate increases continuously with size, as does C sequestration and storage for 
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most trees. Large trees, previously assumed to slow in both productivity and growth rate 

(Weiner and Thomas 2001, Meinzer et al. 2011), function as long-term carbon sinks 

(Carey et al. 2001). These findings further support the significance of structural retention 

as a co-benefit to forest carbon storage.   

As the debate continues surrounding forest management for climate mitigation, 

solutions meeting a multitude of management objectives are preferable to promote 

maximum ecosystem-level resiliency (Millar et al. 2007). Prescriptions that focus on 

enhancing forest biomass and structure are thought to have the most positive effects on 

increasing carbon uptake and storage (Ducey et al. 2013). U.S. forests currently offset 

approximately 16% of anthropogenic CO2 emissions, but this has the potential to decline 

as a result of land conversions and lack of management (EPA 2012, Joyce et al. 2014). In 

the 1990s, nearly 20% of global carbon dioxide emissions were from changes in land use 

and land management, mostly through deforestation (Hassan et al. 2005). While passive 

or no-management options have been found to yield the greatest carbon uptake benefit 

(Nunery and Keeton 2010), we suggest the consideration of structural retention 

treatments to continue to enhance C storage. Multiple studies (Angers et al. 2005, 

Schwartz et al. 2005, Dyer et al. 2010, Gronewold et al. 2012, Chen et al. 2015) have 

revealed the effectiveness of managing for elevated structure, including legacy retention, 

horizontal variability, and increased coarse woody material inputs.   

 

2.7.3. Conclusions 

A more widespread adoption of silvicultural practices with a focus on structural 

complexity enhancement, biomass development, ecosystem function, and diversity in 
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species composition stands to promote resilience to climate change and also address the 

issue of global decline in biodiversity and carbon stocks (Lindenmayer et al. 2012). As 

our research has suggested, silvicultural treatments that enhance structure and carbon 

storage offer a variety of ecosystem services and management tools for landowners at 

multiple scales. Global carbon markets, temperature and precipitation alterations, and 

shifts in disturbance frequencies and intensities are increasing the necessity for 

landowners and forest managers to be prepared with a suite of management alternatives. 

These include the modification of harvests to increase retention and rotation length, in 

addition to the emulation of natural disturbance regimes. Silvicultural treatments 

evaluated in this study present alternative forest management options that can assist with 

climate mitigation, structural enhancement, and ecosystem function.  
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Table 6: Mean carbon values and percentage differences for post-harvest carbon means 
(by aboveground pool) compared to reference carbon means for each silvicultural treatment 

(Littlefield and Keeton 2012).  One-way ANOVA and Tukey-Kramer post-hoc analysis results 
are listed (!  = 0.05). SCE = Structural Complexity Enhancement; Conventional = Single-Tree + 

Group Selection. Degrees of freedom = 2. 
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Table 7: Mean annual C flux per pool and treatment over the 10-year 
interval post-harvest and significance levels (!  = 0.05).  

Degrees of freedom = 2. 
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Figure 4: Regional map with locations of the three project study areas: MMSF (A), JRF (B), 
and FERDA (C). Also shown are treatment unit layout maps the MMSF (A) and JRF (B) 

study areas. Mansfield treatment manipulations: Units 1 and 8, Control; 2-3, SCE; 4-5, Single-
Tree Selection; 6-7 Group Selection. Jericho manipulations: 1 and 4, Control; 2-3 SCE. 
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Figure 5: Carbon pool mean comparisons, pre- (2001) and post-harvest (2003 and 2013) with Tukey-

Kramer HSD ANOVA tests (alpha = 0.05). Significant results are reported; Error bars represent one stand 
error; whiskers are representative the spread of data. (A) Live tree carbon. (B) Standing dead carbon. (C) 
Downed log carbon. (D) Total carbon. Conventional treatments refer to the combination of single-tree and 

group selection treatments. 
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Figure 6: Classification and Regression Tree Analyses showing selected independent 

variables ranked by predictive strength (top to bottom) for live tree (A), standing 
dead (B), and downed log (C) percentage difference carbon. The amount of deviance 

for each variable is proportional to the length of each vertical line. Minimum 
number of observations required for each split = 2; minimum deviance = 0.05; n = 

18 (live tree) and n = 12 (standing dead and downed log). 
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Figure 7. Percentage differences between post-harvest and baseline carbon 
compared between treatments and for all pools. Comparisons were made 

using Tukey-Kramer HSD ANOVA tests (alpha = 0.05). Significant results 
are reported; error bars represent one stand error. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 



 

 70 

LIT ERATURE CITED  
 
 
 
Angers, A. V., C. Messier, M. Beaudet, and A. Leduc. 2005. Comparing 

composition and structure in old-growth and harvested (selection and 
diameter-limi t cuts) northern hardwood stands in Quebec. Forest Ecology 
and Management 217:275-293. 

Arseneault, J. E., M. R. Saunders, R. S. Seymour, and R. G. Wagner. 2011. First 
decadal response to treatment in a disturbance-based silviculture 
experiment in Maine. Forest Ecology and Management 262:404-412. 

Aspinwall, M. J., S. E. McKeand, and J. S. King. 2012. Carbon sequestration 
from 40 years of planting genetically improved loblolly pine across the 
Southeast United States. Forest Science 58:446-456. 

Bastin, J. F., N. Barbier, M. RŽjou-MŽchain, A. Fayolle, S. Gourlet-Fleury, D. 
Maniatis, T. de Haulleville, F. Baya, H. Beeckman, D. Beina, P. Couteron, 
G. Chuyong, G. Dauby, J. L. Doucet, V. Droissart, M. Dufr•ne, C. 
Ewango, J. F. Gillet, C. H. Gonmadje, T. Hart, T. Kavali, D. Kenfack, M. 
Libalah, Y. Malhi, J. R. Makana, R. PŽlissier, P. Ploton, A. Serckx, B. 
SonkŽ, T. Stevart, D. W. Thomas, C. De Canni•re, and J. Bogaert. 2015. 
Seeing Central African forests through their largest trees. Scientific 
Reports 5:13156. 

Bauhus, J., K. Puettmann, and C. Messier. 2009. Silviculture for old-growth 
attributes. Forest Ecology and Management 258:525-537. 

Birdsey, R. A., and Y. Pan. 2015. Trends in management of the world's forests 
and impacts on carbon stocks. Forest Ecology and Management 355:83-
90. 

Birdsey, R. A., K. Pregitzer, and A. Lucier. 2006. Forest carbon management in 
the United States: 1600-2100. J. Environ. Qual. 35:1461-1469. 

Bolton, N. W., and A. W. D'Amato. 2011. Regeneration responses to gap size and 
coarse woody debris within natural disturbance-based silvicultural systems 
in northeastern Minnesota, USA. Forest Ecology and Management 
262:1215-1222. 

Bonan, G. B. 2008. Forests and climate change: Forcings, feedbacks, and the 
climate benefits of forests. Science 320:1444-1449. 

Bradford, J. B., P. Weishampel, M.-L. Smith, R. Kolka, R. A. Birdsey, S. V. 
Ollinger, and M. G. Ryan. 2010. Carbon pools and fluxes in small 
temperate forest landscapes: variability and implications for sampling 
design. Forest Ecology and Management 259:1245-1254. 

Breiman, L., J. H. Friedman, R. Olshen, and C. Stone. 1984. Classification and 
regression trees. Wadsworth International Group, Belmont, California, 
USA. 

Carey, E. V., A. Sala, R. Keane, and R. M. Callaway. 2001. Are old forests 
underestimated as global carbon sinks? Global Change Biology 7:339-
334. 



 

 
 

71 

 

Chen, J., J. Xu, R. Jensen, and J. Kabrick. 2015. Changes in aboveground biomass 
following alternative harvesting in oak-hickory forests in the eastern USA. 
iForest - Biogeosciences and Forestry 0:622-630. 

Climate Action Reserve 2014. Quantification Guidance for Use with Forest 
Carbon Projects. 

 
Cogbill, C. V. 2000. Vegetation of the presettlement forests of northern New 

England and New York. Rhodora 102:250-276. 
Crookston, N. L., and G. E. Dixon. 2005. The forest vegetation simulator: A 

review of its structure, content, and applications. Computers and 
Electronics in Agriculture 49:60-80. 

Cunningham, S. C., T. R. Cavagnaro, R. Mac Nally, K. I. Paul, P. J. Baker, J. 
Beringer, J. R. Thomson, and R. M. Thompson. 2015. Reforestation with 
native mixed-species plantings in a temperate continental climate 
effectively sequesters and stabilizes carbon within decades. Global 
Change Biology 21:1552-1566. 

D'Amato, A. W., J. B. Bradford, S. Fraver, and B. J. Palik. 2011. Forest 
management for mitigation and adaptation to climate change: Insights 
from long-term silviculture experiments. Forest Ecology and Management 
262:803-816. 

Davis, M. B. 1996. Eastern old-growth forests: prospects for rediscovery and 
recovery. Island Press, Washington, D.C. 

De'ath, G., and K. E. Fabricius. 2000. Classification and regression tress: A 
powerful yet simple technique for ecological data analysis. Ecology 
81:3178-3192. 

DeGraaf, R. M., M. Yamasaki, W. B. Leak, and J. W. Lanier. 1992. New England 
wildlife: management of forested habitats. US Forest Service General 
Technical Report NE-144. 

Dove, N., and W. S. Keeton. 2015. Structural Complexity Enhancement increases 
fungal species richness in northern hardwood forests. Fungal Ecology 
13:1-12. 

Ducey, M. J., J. S. Gunn, and A. A. Whitman. 2013. Late-successional and old-
growth forests in the northeastern United States: structure, dynamics, and 
prospects for restoration. Forests 4:1055-1086. 

Duveneck, M. J., R. M. Scheller, and M. A. White. 2014. Effects of alternative 
forest management on biomass and species diversity in the face of climate 
change in the northern Great Lakes region (USA). Canadian Journal of 
Forest Research 44:700-710. 

Dyer, J. H., S. T. Gower, J. A. Forrester, C. G. Lorimer, D. J. Mladenoff, and J. I. 
Burton. 2010. Effects of selective tree harvests on aboveground biomass 
and net primary productivity of a second-growth northern hardwood 
forest. Canadian Journal of Forest Research 40:2360-2369. 

EPA. 2012. Land use, land-use change, and forestry. Pages 1990-2009  



 

 72 

  Methodology for estimating net carbon stock changes in forest land remaining 
forest lands., Inventory of U.S. greenhouse gas emissions and sinks. 

EPA. 2014. Land use, land-use change, and forestry. Inventory of U.S. 
greenhouse gas emissions and sinks. 

Fahey, T. J., P. B. Woodbury, J. J. Battles, C. L. Goodale, S. P. Hamburg, S. V. 
Ollinger, and C. W. Woodall. 2010. Forest carbon storage: ecology, 
management, and policy. Front. Ecol. Environ. 8:245-252. 

FAO, and JRC. 2012. Global forest land-use change 1990-2005. FAO Forestry 
Paper no. 169. Food and Agriculture Organization of the United Nations 
and European Commission Joint Research Centre. Rome, FAO. 

Fisk, M. C., D. R. Zak, and T. R. Crow. 2002. Nitrogen storage and cycling in 
old- and second-growth northern hardwood froests. Ecology 83:73-87. 

Forrester, J. A., D. J. Mladenoff, A. W. D'Amato, S. Fraver, D. L. Lindner, N. J. 
Brazee, M. K. Clayton, and S. T. Gower. 2015. Temporal trends and 
sources of variation in carbon flux from coarse woody debris in 
experimental forest canopy openings. Oecologia:1-12. 

Foster, D. R. 1992. Land-Use History (1730-1990) and Vegetation Dynamics in 
Central New England, USA. Journal of Ecology 80:753-771. 

Foster, D. R., G. Motzkin, J. O'Keefe, E. Boose, D. Orwig, J. Fuller, and B. Hall. 
2004. The Environmental and Human History of New England. Pages 43-
100 in D. R. Foster and J. D. Aber, editors. Forests in Time: the 
environmental consequences of 1,000 years of change in New England. 
Yale University Press, New Haven. 

Franklin, J. F., D. R. Berg, D. A. Thornburgh, and J. C. Tappeiner. 1997. 
Alternative silvicultural approaches to timber harvesting: Variable 
retention systems. Pages 111-139 in K. A. Kohm and J. F. Franklin, 
editors. Creating a Forestry for the 21st Century: The Science of Forest 
Management. Island Press. 

Franklin, J. F., K. Cromack, W. Denison, A. McKee, C. Maser, J. Sedall, F. 
Swanson, and G. Juday. 1981. Ecological characteristics of old-growth 
douglas-fir forests. General Technical Report PNW-118. Portland, OR: 
USDA Forest Service, Pacific Northwest Research Station. 

Franklin, J. F., and R. V. Pelt. 2004. Spatial aspects of structural complexity in 
old-growth forests. Journal of Forestry:22-28. 

Franklin, J. F., T. A. Spies, R. V. Pelt, A. Carey, D. Thornburgh, D. R. Berg, D. 
Lindenmayer, M. Harmon, W. S. Keeton, D. C. Shaw, K. Bible, and J. 
Chen. 2002. Disturbances and structural development of natural forest 
ecosystems with silvicultural implications, using Douglas-fir forests as an 
example. Forest Ecology and Management 155:399-423. 

Frumhoff, P. C., J. J. McCarthy, J. M. Melillo, S. C. Moser, and D. J. Wuebbles. 
2007. Confronting Climate Change in the U.S. Northeast: Science, 
Impacts, and Solutions. Synthesis report of the Northeast Climate Impacts 
Assessment (NECIA). Union of Concerned Scientists (UCS), Cambridge, 
MA. 



 

 
 

73 

 

Galford, G. L., A. Hoogenboom, S. Carlson, S. Ford, J. Nash, E. Palchak, S. 
Pears, K. Underwood, and D. V. Baker. 2014. Considering VermontÕs 
Future in a Changing Climate: The First Vermont Climate Assessment. 
Gund Institute for Ecological Economics:219 pp. 

Goff, F. G., and D. West. 1975. Canopy-understory interaction effects on forest 
population structure. Forest Science 21:98-108. 

Goodburn, J. M., and C. G. Lorimer. 1998. Cavity trees and coarse woody debris 
in old-growth and managed northern hardwood forests in Wisconsin and 
Michigan Canadian Journal of Forest Research 28:427-438. 

Goodburn, J. M., and C. G. Lorimer. 1999. Population structure in old-growth an 
managed northern hardwoods: an examination of the balanced diameter 
distribution concept. Forest Ecology and Management 118:11-29. 

Gronewold, C., A. W. D'Amato, and B. J. Palik. 2012. Relationships between 
growth, quality, and stocking within managed old-growth northern 
hardwoods. Canadian Journal of Forest Research 42:1115-1125. 

Gunn, J. S., M. J. Ducey, and A. A. Whitman. 2014. Late-successional and old-
growth forest carbon temporal dynamics in the Northern Forest 
(Northeastern USA). Forest Ecology and Management 312:40-46. 

Gunn, J. S., D. S. Saah, K. Fernholz, and D. J. Ganz. 2011. Carbon credit 
eligibility under area regulation of harvest levels in northern Minnesota. 
Forest Science 57:470-478. 

Gustafsson, L., S. C. Baker, J. Bauhus, W. J. Beese, A. Brodie, J. Kouki, D. B. 
Lindenmayer, A. Lohmus, G. M. Pastur, C. Messier, M. Neyland, B. 
Palik, A. Sverdrup-Thygeson, W. J. A. Volney, A. Wayne, and J. F. 
Franklin. 2012. Retention forestry to maintain multifunctional forests: A 
world perspective. BioScience 62:633-645. 

Hannah, P. R. 1999. Species composition and dynamics in two hardwood stands 
in Vermont: a disturbance history. Forest Ecology and Management 
120:105-116. 

Hanson, J., and C. Lorimer. 2007. Forest structure and light regimes following 
moderate wind storms: Implications for multi-cohort management. 
Ecological Applications 17:1325-1340. 

Hanson, J. J., C. G. Lorimer, C. R. Halpin, and B. J. Palik. 2012. Ecological 
forestry in an uneven-aged, late-successional forest: Simulated effects of 
contrasting treatments on structure and yield. Forest Ecology and 
Management 270:94-107. 

Harmon, M. E. 2001. Carbon sequestration in forests: addressing the scale 
question. Journal of Forestry 99:24-29. 

Harmon, M. E., and B. Marks. 2002. Effects of silvicultural practices on carbon 
stores in Douglas-fir western hemlock forests in the Pacific Northwest, 
U.S.A.: results from a simulation model. Canadian Journal of Forest 
Research 32:863-877. 



 

 74 

Harmon, M. E., B. Fasth, and J. Sexton. 2008. Woody detritus density and density 
reduction factors for tree species in the United States: a synthesis. General 
Technical Report NRS-29. USDA Forest Servcie: Newton, PA, USA. 

Harmon, M. E., W. K. Ferrell, and J. F. Franklin. 1990. Effects on carbon storage 
of conversion of old-growth forests to young forests. Science 247:699-
702. 

Harmon, M. E., C. W. Woodall, B. Fasth, J. Sexton, and M. Yatkov. 2011. 
Differences between standing and downed dead tree wood density 
reduction factors: a comparison across decay classes and tree species. 
Research Paper NRS-15. USDA Forest Service: Newton, PA, USA. 

Hassan, R., R. Scholes, and N. Ash. 2005. Ecosystems and Human Well-being: 
Current State and Trends, Volume 1, Island Press, Washington, DC. 

Hoover, C. M., and L. S. Heath. 2011. Potential gains in C storage on productive 
forestlands in the northeastern United States through stocking 
management. Ecological Applications 21:1154-1161. 

Hoover, C. M., W. B. Leak, and B. G. Keel. 2012. Benchmark carbon stocks from 
old-growth forests in northern New England, USA. Forest Ecology and 
Management 266:108-114. 

Horton, R., G. Yohe, W. Easterling, R. Kates, M. Ruth, E. Sussman, A. Whelchel, 
D. Wolfe, and F. Lipschultz. 2014. Ch: 16: Northeast. Climate Change 
Impacts in the United States: The Third National Climate Assessment. J. 
M. Melillo, Terese (T.C.)Richmond, and G. W. Yohe, Eds. U.S. Global 
Change Research Program, 16-1-nn. 

Houghton, R. A. 1994. The worldwide extent of land-use change. Bioscience 
44:305-313. 

Houghton, R. A., J. I. House, J. Pongratz, G. R. van der Werf, R. S. DeFries, M. 
C. Hansen, C. Le QuŽrŽ, and N. Ramankutty. 2012. Carbon emissions 
from land use and land-cover change. Biogeosciences 9:5125-5142. 

IPCC. 2013. Summary for Policymakers. Climate Change 2013: The Physical 
Science Basis. Contribution of Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., 
D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. 
Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA. 

Ireland, A. W., W. W. Oswald, and D. R. Foster. 2011. An integrated 
reconstruction of recent forest dynamics in a New England cultural 
landscape. Vegetation history and archaebotany 20:245-252. 

Iverson, L. R., A. Prasad, and S. Matthews. 2008. Modeling potential climate 
change impacts on the trees of the northeastern United States. Mitigation 
and Adaptation Strategies for Global Change 13:517-540. 

Jenkins, J. C., D. C. Chojnacky, L. S. Heath, and R. A. Birdsey. 2003. National-
scale biomass estimators for United States tree species. Forest Science 
49:12-35. 

Joyce, L. A., S. W. Running, D. D. Breshears, V. H. Dale, R. W. Malmsheimer, 
R. N. Sampson, B. Sohngen, and C. W. Woodall. 2014. Ch. 7: Forests. 



 

 
 

75 

 

Climate Change Impacts in the United States: The Third National Climate 
Assessment. U.S. Global Change Research Program, 175-194. 

Keddy, P. A., and C. G. Drummond. 1996. Ecological properties for the 
evaluation, management, and restoration, of temperate deciduous forest 
ecosystems. Ecological Applications 6:748-762. 

Keeton, W. S. 2006. Managing for late-successional/old-growth characteristics in 
northern hardwood-conifer forests. Forest Ecology and Management 
235:129-142. 

Keeton, W. S., J. F. Franklin, and P. W. Mote. 2007a. Climate variability, climate 
change, and western wildfire with implications for the suburban-wildland 
interface.in A. Troy and R. Kennedy, editors. Living on the Edge: 
Economic, Institutional and Management Perspectives on Wildfire Hazard 
in the Urban Interface. Advances in the Economics of Environmental 
Resources, Vol. 6. Elsevier Sciences, New York, NY. 

Keeton, W. S., C. E. Kraft, and D. R. Warren. 2007b. Mature and old-growth 
riparian forests: Structure, dynamics, and effects on Adirondack stream 
habitats. Ecological Applications 17:852-868. 

Keeton, W. S., A. A. Whitman, G. C. McGee, and C. L. Goodale. 2011. Late-
successional biomass development in northern hardwood-conifer forests 
of the Northeastern United States. Forest Science 57:489-505. 

Keith, H., B. G. Mackey, and D. B. Lindenmayer. 2009. Re-evaluation of forest 
biomass carbon stocks and lessons from the world's most carbon-dense 
forests. Proc Natl Acad Sci U S A 106:11635-11640. 

Kerchner, C. D., and W. S. Keeton. 2015. California's regulatory forest carbon 
market: Viability for northeast landowners. Forest Policy and Economics 
50:70-81. 

Kern, C. C., A. D'Amato, and T. F. Strong. 2013. Diversifying composition and 
structure of managed, late-successional forests with harvest gaps: What is 
the optimal gap size? Forest Ecology and Management 304:110-120. 

Krankina, O. N., and M. E. Harmon. 1994. The impact of intensive forest 
management on carbon stores in forest ecosystems. World Resource 
Review 6:161-177. 

Krebs, C. J. 1999. Ecological Methodology, Second Ed. Addison Wesley 
Longman, Inc., Menlo Park, CA. 

Lindenmayer, D., C. R. Margules, and D. B. Botkin. 2000. Indicators of 
biodiversity for ecologically sustainable forest management. Conservation 
Biology 14:941-950. 

Lindenmayer, D. B., J. F. Franklin, A. Lohmus, S. C. Baker, J. Bauhus, W. Beese, 
A. Brodie, B. Kiehl, J. Kouki, G. M. Pastur, C. Messier, M. Neyland, B. 
Palik, A. Sverdrup-Thegson, J. Volney, A. Wayne, and L. Gustafsson. 
2012. A major shift to the retention approach for forestry can help resolve 
some global forest sustainability issues. Conservation Letters:1-12. 



 

 76 

Littlefield, C. E., and W. S. Keeton. 2012. Bioenergy harvesting impacts on 
ecologically immportant stand structure and habitat characteristics. 
Ecological Applications 22:1892-1909. 

Liu, S., B. Bond-Lamberty, J. A. Hicke, R. Vargas, S. Zhao, J. Chen, S. L. 
Edburg, Y. Hu, J. Liu, A. D. McGuire, J. Xiao, R. Keane, W. Yuan, J. 
Tang, Y. Luo, C. Potter, and J. Oeding. 2011. Simulating the impacts of 
disturbances on forest carbon cycling in North America: Processes, data, 
models, and challenges. Journal of Geophysical Research 116:1-22. 

Loeb, S. C. 1996. The role of coarse woody debris in theecology of southeastern 
mammals. Pages 108-118 in J. W. McMinn and D. A. C. Jr., editors. 
Biodiversity of the workshop on coarse woody debris in sourthern forests. 
Proceedings of the workshop on coarse woody debris in southern forests: 
effects on biodiversity. U.S. Forest Service General Technical Report SE-
94. 

Lorimer, C. G., and A. S. White. 2003. Scale and frequency of natural 
disturbances in the northeastern US: implications for early successional 
forest habitats and regional age distributions. Forest Ecology and 
Management 185:41-64. 

Luyssaert, S., E.-D. Schulze, A. Borner, A. Knohl, D. Hessenmoller, B. E. Law, 
P. Ciais, and J. Grace. 2008. Old-growth forests as global carbon sinks. 
Nature 455:213-215. 

MacLean, R. G., M. J. Ducey, and C. M. Hoover. 2014. A comparison of carbon 
stock estimates and projections for the northeastern United States. Forest 
Science 60:206-213. 

Malmsheimer, R. W., P. Heffernan, S. Brink, D. Crandall, F. Deneke, C. Galik, E. 
Gee, J. A. Helms, N. McClure, M. Mortimer, S. Ruddell, M. Smith, and J. 
Stewart. 2008. Forest Management Solutions for Mitigating Climate 
Change in the United States. Journal of Forestry 106:115-171. 

Man, C. D., K. C. Lyons, J. D. Nelson, and G. Q. Bull. 2013. Potential of alternate 
forest management practices to sequester and store Carbon in two forest 
estates in British Columbia, Canada. Forest Ecology and Management 
305:239-247. 

McComb, W., and D. Lindenmayer. 1999. Dying, dead, and down trees.in M. L. 
Hunter, editor. Maintaining Biodiversity in Forest Ecosystems. Cambridge 
University Press, Cambridge, UK. 

McElhinny, C., P. Gibbons, C. Brack, and J. Bauhus. 2005. Forest and woodland 
stand structural complexity: Its definition and measurement. Forest 
Ecology and Management 218:1-24. 

McGarvey, J. C., J. R. Thompson, H. E. Epstein, and H. H. Shugart. 2015. Carbon 
storage in old-growth forests of the Mid-Atlantic: Toward better 
understanding of the eastern forest carbon sink. Ecology 96:311-317. 

McGee, G. C., D. J. Leopold, and R. D. Nyland. 1999. Structural characteristics 
of old-growth, maturing, and partially cut northern hardwood forests. 
Ecological Applications 9:1316-1329. 



 

 
 

77 

 

McKenny, H. C., W. S. Keeton, and T. M. Donovan. 2006. Effects of structural 
complexity enhancement on eastern red-backed salamander (Plethodon 
cinerus) populations in northern hardwood forests. Forest Ecology and 
Management 230:186-196. 

McKinley, D. C., M. G. Ryan, R. A. Birdsey, C. P. Giardina, M. E. Harmon, L. S. 
Heath, R. A. Houghton, R. B. Jackson, J. F. Morrison, B. Murray, D. E. 
Pataki, and K. E. Skog. 2011. A synthesis of current knowledge on forests 
and carbon storage in the United States. Ecological Applications 21:1902-
1924. 

Meinzer, F. C., B. Lachenbruch, and T. E. Dawson. 2011. Size- and age-related 
changes in tree structure and function. Springer. 

Meiyappan, P., and A. K. Jain. 2012. Three distinct global estimates of historical 
land-cover change and land-use conversions for over 200 years. Earth 
Science 6:122-139. 

Millar, C. I., N. L. Stephenson, and S. L. Stephens. 2007. Climate change and 
forests of the future: managing in the face of uncertainty. Ecological 
Applications 17:2145-2151. 

North, M. P., and W. S. Keeton. 2008. Emulating natural disturbance regimes: an 
emergin approach for sustainable forest management.in R. Lafortezza, J. 
Chen, G. Sanesi, and T. R. Crow, editors. Patterns and Processes in Forest 
Landscapes - Multiple Use and Sustainable Management. Springer, The 
Netherlands. 

Nunery, J., and W. S. Keeton. 2010. Forest carbon storage in the northeastern 
United States: net effects of harvesting frequency, post-harvest retention, 
and wood products. Forest Ecology and Management 259:1363-1375. 

O'Hara, K. L. 1996. Dynamics and stocking-level relationships of multi-aged 
ponderosa pine stands. Forest Science 42:Monograph 33. 

O'Hara, K. L. 1998. Silviculture for structural diversity: a new look at multi-aged 
systems. Journal of Forestry 96:4-10. 

Olschewski, R., and P. C. Benitez. 2009. Optimizing joint production of timber 
and carbon sequestration of afforestation projects. Journal of Forest 
Economics 16:1-10. 

Palik, B. J., R. A. Montgomery, P. B. Reich, and S. B. Boyden. 2014. Biomass 
growth response to spatial pattern of variable-retention harvesting in a 
northern Minnesota pine ecosystem. Ecological Applications 24:2078-
2088. 

Pan, Y., R. A. Birdsey, J. Fang, R. Houghton, P. E. Kauppi, W. A. Kurz, O. L. 
Phillips, A. Shvidenko, S. L. Lewis, J. G. Canadell, P. Ciais, R. B. 
Jackson, S. W. Pacala, A. D. McGuire, S. Piao, A. Rautiainen, S. Stich, 
and D. Hayes. 2011. A large and persistent carbon sink in the world's 
forests. Science 333:988-993. 

Paradis, A., J. Ekinton, K. Hayhoe, and J. Buonaccorsi. 2007. Role of winter 
temperature and climate change on the survival and future range 



 

 78 

expansion of the hemlock woolly adelgid (Adelges tsugae) in eastern 
North America. Mitigation and Adaptation Strategies for Global Change. 

Peng, C., H. Jiang, M. J. Apps, and Y. Zhang. 2002. Effects of harvesting regimes 
on carbon and nitrogen dynamics of boreal forests in central Canada: a 
process model simulation. Ecological Modelling 155:177-189. 

Puettmann, K. J., S. M. Wilson, S. C. Baker, P. J. Donoso, L. Drossler, G. 
Amente, B. D. Harvey, T. Knoke, Y. Lu, S. Nocentini, F. E. Putz, T. 
Yoshida, and J. Bauhus. 2015. Silvicultural alternatives to conventional 
even-aged forest management - what limits global adoption? Forest 
Ecosystems 2:1-16. 

Ray, D. G., M. R. Saunders, and R. S. Seymour. 2009. Recent changes to the 
northeast variant of the Forest Vegetation Simulator and some basic 
strategies for improving model outputs Northern Journal of Applied 
Forestry 26:31-34. 

Richardson, A. D., A. S. Bailey, E. G. Denny, C. W. Martin, and C. W. O'Keefe. 
2006. Phenology of a northern hardwood forest canopy. Global Change 
Biology 12:1174-1188. 

Ruddell, S., R. Sampson, M. Smith, R. Giffen, J. Cathcart, J. Hagan, D. Sosland, 
J. Godbee, J. Heissenbuttel, S. Lovett, J. Helms, W. Price, and R. 
Simpson. 2007. The role for sustainably managed forests in climate 
change mitigation. Journal of Forestry. 

Runkle, J. R. 1984. Development of Woody Vegetation in Treefall Gaps in a 
Beech-Sugar Maple Forest. Holarctic Ecology 7:157-164. 

Russell, M. B., C. W. Woodall, S. Fraver, A. W. D'Amato, G. M. Domke, and K. 
E. Skog. 2014. Residence times and decay rates of downed woody debris 
biomass/carbon in eastern US forests. Ecosystems 17:765-777. 

Russell-Roy, E. T., W. S. Keeton, J. A. Pontius, and C. D. Kerchner. 2014. 
Rehabilitation forestry and carbon market access onhigh-graded northern 
hardwood forests. Canadian Journal of Forest Research 44:614-627. 

Rustad, L., J. Campbell, J. S. Dukes, T. Huntington, K. F. Lambert, J. E. Mohan, 
and N. Rodenhouse. 2012. Changing Climate, Changing Forests: The 
Impacts of Climate Change on Forests of the Northeastern United States 
and Eastern Canada. US Forest Service Northern Forest Research Station 
General Technical Report NRS-99. U. S. Department of Agriculture, 
Forest Service, Northern Research Station, Newton Square, PA. 

SAS Institute Inc. 2013. JMP, version 11. SAS Institute, Cary, North Carolina, 
USA. 

Saunders, M. R., and R. G. Wagner. 2005. Ten-year results of the Forest 
Ecosystem Research Program - successes and challenges Pages 147-152 in 
C. E. Peterson and D. A. Maguire, editors. Balancing Ecosystem Values: 
Innovative Experiments for Sustainable Forestry, USDA Forest Service 
PNW-GTR-635. 

Schwartz, J. W., L. M. Nagel, and C. R. Webster. 2005. Effects of uneven-aged 
management on diameter distribution and species composition of northern 



 

 
 

79 

 

hardwoods in Upper Michigan. Forest Ecology and Management 211:356-
370. 

Schwenk, W. S., T. M. Donovan, W. S. Keeton, and J. S. Nunery. 2012. Carbon 
storage, timber production, and biodiversity: comparing ecosystem 
services with multi-criteria decision analysis. Ecological Society of 
America 22:1612-1627. 

Seely, B., C. Welham, and H. Kimmins. 2002. Carbon sequestration in a boreal 
forest ecosystem: results from the ecosystem simulation model, 
FORECAST. Forest Ecology and Management 169:123-135. 

Seidl, R., M.-J. Schelhaas, W. Rammer, and P. J. Verkerk. 2014. Increasing forest 
disturbances in Europe and their impact on carbon storage. Nature Clim. 
Change 4:806-810. 

Seischab, F. K. 1990. Presettlement forests of the Phelps and Gorham Purchase in 
western New York. Bulletin of the Torrey Botanical Club 117:27-38. 

Seymour, R. S., A. S. White, and P. G. deMaynadier. 2002. Natural disturbance 
regimes in northeastern North America - evaluating silvicultural systems 
using natural scales and frequencies. Forest Ecology and Management 
155:357-367. 

Shivers, B. D., and B. E. Borders. 1996. Sampling Techniques for Forest 
Inventory. John Wiley and Sons, New York, NY. 

Silver, E. J., A. W. D'Amato, S. Fraver, B. J. Palik, and J. B. Bradford. 2013. 
Structure and development of old-growth, unmanaged second-growth, and 
extended rotation Pinus resinosa forests in Minnesota, USA. Forest 
Ecology and Management 291:110-118. 

Smith, D. M. 1962. The Practice of Silviculture, 7th ed. Wiley and Sons, New 
York, p. 298. 

Smith, K. J., W. S. Keeton, M. J. Twery, and D. R. Tobi. 2008. Understory plant 
responses to uneven-aged forestry alternatives in northern hardwood-
conifer forests. Canadian Journal of Forest Research 38:1303-1318. 

Sollins, P., S. P. Cline, T. Verhoevfn, D. Sachs, and G. Spycher. 1987. Patterns of 
log decay in old-growth Douglas-fir forest. Canadian Journal of Forest 
Research 17:1585-1595. 

Stephenson, N. L., A. J. Das, R. Condit, S. E. Russo, P. J. Baker, N. G. Beckman, 
D. A. Coomes, E. R. Lines, W. K. Morris, N. Ruger, E. Alvarez, C. 
Blundo, S. Bunyavejchewin, G. Chuyong, S. J. Davies, A. Duque, C. N. 
Ewango, O. Flores, J. F. Franklin, H. R. Grau, Z. Hao, M. E. Harmon, S. 
P. Hubbell, D. Kenfack, Y. Lin, J. R. Makana, A. Malizia, L. R. Malizia, 
R. J. Pabst, N. Pongpattananurak, S. H. Su, I. F. Sun, S. Tan, D. Thomas, 
P. J. van Mantgem, X. Wang, S. K. Wiser, and M. A. Zavala. 2014. Rate 
of tree carbon accumulation increases continuously with tree size. Nature 
507:90-93. 

Taylor, A. R., J. R. Wang, and W. A. Kurz. 2008. Effects of harvesting intensity 
on carbon stocks in eastern Canadian red spruce (Picea rubens) forests: An 



 

 80 

exploratory analysis using the CBM-CFS3 simulation model. Forest 
Ecology and Management 255:3632-3641. 

Thomas, S. C., G. Malezewski, and M. Saprunoff. 2007. Assessing the potential 
of native tree species for carbon sequestration forestry in Northeast China. 
Journal of Environmental Management 85:663-671. 

Thompson, J. R., D. N. Carpenter, C. V. Cogbill, and D. R. Foster. 2013. Four 
Centuries of Change in Northeastern United States Forests. Plos One 
8:e72540. 

TIBCO Software 2010. S-Plus, version 8.2. TIBCO Software, Palo Alto, 
California, USA. 

Turner, D. P., G. J. Koerper, M. E. Harmon, and J. J. Lee. 1995. Carbon 
Sequestration by Forests of the United-States - Current Status and 
Projections to the Year 2040. Tellus Series B-Chemical and Physical 
Meterology 47:232-239. 

Twery, M. J., and S. A. Thomasa. 2014. NED-3: Forest Ecosystem Decision 
Support Software. USDA Forest Service. 

Warren, D. R., C. E. Kraft, W. S. Keeton, J. S. Nunery, and G. E. Likens. 2009. 
Dynamics of wood recruitment in streams of the northeastern US. Forest 
Ecology and Management 258:804-813. 

Weiner, J., and S. C. Thomas. 2001. The nature of tree growth and the "age-
related decline in forest productivity". Oikos 94:374-376. 

Westerling, A. L., H. L. Hidalgo, D. R. Cayan, and T. W. Swetnam. 2006. 
Warming and Earlier Spring Increase Western U.S. Forest Wildfire 
Activitiy. Science 313:940-943. 

Whitman, A. A., and J. M. Hagan. 2007. A late-successional index for temperate 
and boreal forest. Forest Ecology and Management 246:144-154. 

Wirth, C., G. Gleixner, and M. Heimann. 2009. Old-growth forests: function, fate 
and value. Ecological Studies, Springer, New York, Berlin, Heidelberg. 

Woodall, C. W. 2010. Carbon flux of down woody materials in forests in the 
north central United States. International Journal of Forestry Research 
2010:1-10. 

Woodall, C. W., B. F. Walters, S. N. Oswalt, G. M. Domke, C. Toney, and A. N. 
Gray. 2013. Biomass and carbon attributes of woody materials in forests 
of the United States. Forest Ecology and Management 305:48-59. 

Yaussy, D. A. 2000. Comparison of an empirical forest growth and yield 
simulator and a forest gap simulator using actual 30-year growth from two 
even-aged forests in Kentucky. Forest Ecology and Management 126:385-
398. 

Zhou, W., B. Lewis, S. Wu, D. Yu, L. Zhou, Y. Wei, and L. Dai. 2014. Biomass 
carbon storage and its sequestration potential of afforestation under natural 
forest protection program in China. Chinese Geographical Science 24:406-
413. 

 


