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Structural complexity enhancement (SCE) treatments in northern hardwood-conifer forests resulted in carbon 
storage only slightly less than simulated no-harvest baselines, and substantially greater than conventional 
selection harvest systems.  SCE demonstrated utility, therefore, as a forest management approach providing 
carbon storage as well as other co-benefits including timber. Methane emissions from the heartwood of older 
trees of some species could reduce the average climate mitigation value of temperate forests by 10-30%, though 
there is still high scientific uncertainty around this question. 

Funding support for this project was provided by the Northeastern States Research 
Cooperative (NSRC), a partnership of Northern Forest states (New Hampshire, Vermont, 

Maine, and New York), in coordination with the USDA Forest Service.
http://www.nsrcforest.org 



Project Summary
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 while producing other co-benefits 
including wood products. Our research is part of a long-term study evaluating silvicultural treatments that 
promote late-successional forest characteristics in northern hardwood-conifer forests. We are testing the 
hypothesis that aboveground biomass development (carbon storage) is greater in structural complexity 
enhancement (SCE) treatments when 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, standing dead, and downed wood) were 
collected pre- and post-treatment then again a decade later. We used the Forest Vegetation Simulator to project 
“no-treatment” baselines specific to treatment units, allowing measured carbon responses to be normalized 
against differences in site characteristics affecting tree growth and pre-treatment stand structure. 
Results indicate that 10 years post-treatment biomass development and carbon storage were greatest in SCE 
treatments compared to conventional treatments, with the greatest increases in coarse woody material pools. 
Percentage differences between post-treatment carbon and the simulated baselines 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% less than that projected for no-treatment compared to 
44.94% less in conventionally treated areas. Structural complexity enhancement has the potential to increase 
carbon storage in managed northern hardwoods. It, and similar approaches, offer an alternative for sustainable 
management integrating carbon, associated climate change mitigation benefits, and late-successional forest 
structure and habitat.
This study contributed data to a large-scale (eastern U.S. states) study by cooperators at Yale University on 
methane production in the heartwood of larger diameter trees.  That study found that trunk methane 
concentrations can reach as high as 67.4% by volume, with the highest concentrations found in older 
angiosperms.  Methane emissions from the trunk-based methanogenic pathway could reduce the average climate 
mitigation value of these temperate forests by 10-30%, but this is an area requiring more extensive investigation.



Background and Justification
Introduction

The Vermont Forest Ecosystem Management Demonstration Project (FEMDP) brings together 
researchers from diverse fields in an experimental test of “structure-“ or “natural disturbance-based” 
silvicultural approaches.  Structure-based forestry focuses on the architecture of forest ecosystems at 
both stand-level and landscape-level spatial scales.  Disturbance-based silviculture attempts to 
approximate the range of structural and compositional conditions associated with natural disturbance 
regimes.  These approaches share the operational objective of managing for currently under-
represented forest structures and age classes.  They have recently gained additional attention because 
of their potential utility for maintaining high levels of biomass in managed forests, which is currently 
incentivized by rapidly developing compliance and voluntary carbon markets.  This study evaluated for 
ability of a silvicultural treatment called “Structural Complexity Enhancement (SCE)” to maintain high 
levels of biomass and accelerate rates of stand development leading to future carbon accumulations.

In the northern hardwood region of eastern North America a structure or disturbance-based approach 
would include managing for late-successional structure, which is vastly under-represented relative to 
pre-European settlement conditions.  The FEMDP has tested the hypothesis that silvicultural practices 
can accelerate rates of late-successional forest stand development, promote desired structural 
characteristics, and enhance associated ecosystem functions more than conventional systems.  We have 
tested this hypothesis using an approach (SCE) that promotes old-growth characteristics while also 
providing opportunities for low-intensity timber harvest.  SCE was compared against uneven-aged 
systems (single tree and group selection) that also have utility for producing structurally complex stand 
conditions.  The uneven-aged prescriptions employed in this study were modified to increase post-
harvest structural retention.  In addition, group-selection treatments were modified to approximate the 
average canopy opening size associated with fine-scale natural disturbance events in the northeastern 
United States.



Background and Justification

Study Goals  

• Reinitiate the Vermont Forest Ecosystem 
Management Demonstration Project (FEMDP),

• Assess carbon flux and co-varying habitat 
responses to experimental treatments using 
annual data collected over more than a decade 
post-harvest.

• Validate previously generated carbon storage 
and sequestration predictions, including 
carbon fluxes among multiple aboveground 
pools (e.g. live trees, standing dead, downed 
woody debris, etc.).

• Inform sustainable forest management 
practices for a range of late-successional forest 
ecosystem services, including tradeoffs and 
complementarity among timber, carbon 
sequestration/climate mitigation, and 
biodiversity.

• Contribute data on methane production and 
flux in tree heartwood to a larger study 
(eastern U.S.) of methanogenic processes.



METHODS:
Forest Ecosystem Management Demonstration Project

Structural Complexity Enhancement unit, Mt. 
Mansfield State Forest, VT. June 2014
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Study Sites
Mount Mansfield State Forest

Paul Smith’s College 
(FERDA)

UVM Jericho Research Forest• Mature, multi-aged northern 
hardwoods

• History of thinning and 
selection harvesting

• Mid-elevation, moderate 
productivity

• FERDA (NY) sites shared data 
for similar control and selection 
treatments only



Experimental Design

2 ha treatment 
units

0.1 ha 
permanent 
plots



Treatment Target 
residual 

basal area 
(m2 ha-1) 

Max 
diameter 

(cm) 

q-
factor† 

Structural 
objective 

Silvicultural prescription 

SINGLE-TREE 
SELECTION 

18.4 60 1.3 Structural retention • Modified residual  
basal area and diameter distribution 

    Vertically differentiated 
canopy 

• Release advance regeneration 
• Regenerate new cohort 

GROUP 
SELECTION 

18.4 60 1.3 Structural retention • Modified residual basal area  
and diameter distribution     

Vertically differentiated 
canopy 
 

• Release advance regeneration 
• Regenerate new cohort 

    
Horizontal 
diversification 

• Spatially aggregated harvest  
        (patches ~ 0.05 ha) 

STRCTURAL 
COMPLEXITY 
ENHANCEMENT 

34 90 2.0/1.1/1.3 Re-allocation of basal 
area to larger size class 

• Rotated sigmoid diameter dist. 
• High max d and target basal area 
• Retention of trees >60 cm dbh     

Vertically differentiated 
canopy 
 

• Release advance regeneration 
• Regenerate new cohort  

    
Horizontal 
diversification 

• Variable density tree marking 
• Small gaps (~ 0.02 ha) around  

crown released trees      
Dampened growth 
decline in larger trees 

• Full (3- or 4-sided) and partial  
       (2-sided) crown release 

  
   

Elevated coarse woody 
material volume and 
density 

• Tree girdling to create snags 
• Felling and leaving trees to create  

downed logs 
• Pushing or pulling trees over to  

create tip-up mounds 
 

• Prescriptions for treatments evaluated in the FEMDP. To make it a “fair” test, the study compared Structural Complexity 
Enhancement (SCE) against conventional selection systems modified to retain more structure, particularly in medium and larger
tree size classes, than is often typical.  The target basal area (post-harvest for selection treatments; desired in the future for SCE), 
maximum tree diameter retained post-harvest (selection treatments) or desired in the future (SCE), and q-factor define the shape of 
the residual (or post-harvest) diameter distribution.  For SCE, the variable q factor approximated the rotated sigmoid distribution 
sometimes found in old-growth forests.  The conventional treatments employed negative exponential distributions.  









Results

Structural Complexity Enhancement unit, Mt. Mansfield 
State Forest, VT. June 2014

Structural Complexity Enhancement unit, UVM Research 
Forest, VT., July 2017















PROJECT OUTCOMES

• 6 peer-reviewed journal papers
• 1 book
• 2 book chapters
• 2 masters theses
• 1 undergraduate honors thesis
• 3 leveraged grants
• 18 invited conference or workshop 

presentations and legislative 
testimony

• 6 contributed conference or 
workshop presentations

• 2 webinars
• 1 Radio interview (VPR, NPR 

Boston, and NPR “Here and Now”)
• 6+ Popular press articles Brasov, Romania, Sept. 2016.  Presentation on global old-growth 

silviculture, conservation, and management for the General Secretariat 
of the Carpathian Convention



Implications and applications
in the Northern Forest region

• Structural complexity enhancement treatments are an effective approach for increasing carbon storage in 
managed northern hardwoods. They offer an alternative for sustainable management integrating carbon, 
associated climate change mitigation benefits, and late-successional forest structure and habitat.

• Management systems incorporating structural complexity into integrated operations can increase the 
contribution of working forests to climate change mitigation, helping to moderate the intensity of future 
climate change. They can be incorporated into integrated forest management, thereby helping to achieve a 
full range of ecosystem goods and services from working forests in the northern forest region.

• Disturbance-based management promoting legacy tree retention, inputs to coarse woody debris pools, 
increased vertical and horizontal heterogeneity, and elevated biomass levels are options for maximizing 
carbon storage potential.  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. 

• Techniques like those tested in the study, namely Structural Complexity Enhancement, can be used by 
landowners in the northern forest region that are interested in participating in carbon markets through 
improvement forest management projects. This has the potential to add additional revenue to working 
forests, thereby incentivizing sustainable forest management and open space conservation. 

• Remaining cognizant of the potential for late-successional compositional and structural baselines to shift 
over time with global change – including climate impacts on forest growth and disturbance regimes, altered 
species ranges, and the effects of invasive species – will be important for adaptive management for late-
successional functions such as carbon storage.



Future directions
• Continue to re-measure and monitor the permanent 

plot systems at the FEMDP sites as funding allows.
• Raise grant funding to implement deer exclusion and 

beech control experimental treatments.  This would 
employ a split plot design superimposed on the current 
design.

• Integrate Structural Complexity Enhancement with 
silvicultural approaches promoting flood resilience.  
Scale experimentally to stream reach and watershed 
scales if funding becomes available.

• Apply results to the development of demonstration 
forest carbon projects in the northern forest region, 
helping landowners to add revenue to working forests. 
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