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2.1 key messages 

1. Climate change is beginning to shift growing conditions for forests in Vermont, with 

greater changes expected to come, becoming more favorable for southern-adapted tree 

species and less favorable for currently adapted tree species. Species that will benefit 

from this change include northern red oak, shagbark hickory, and black cherry, while 

species including sugar maple, balsam fir, yellow birch, and black ash will be negatively 

impacted. While growing conditions will be significantly different by 2100, actual 

change in forest makeup will follow a delay as older trees die and are replaced by 

young ones. 

2. Forest productivity, an important indicator of forest health and carbon storage, is 

amplified by a longer growing season and greater atmospheric carbon dioxide (CO2) 

and is expected to increase in Vermont in the next 50–100 years. However, productivity 

will be highly variable by species and will likely begin to decrease by the end of the 

century as high summer temperatures, drought, and soil nutrient loss outweigh 

benefits. 

3. Climate change is expected to continue exacerbating the threats that invasive plants, 

insects, and diseases already pose to the health of Vermont’s forests. These threats 

are compounded by other climate-related factors, such as worsening storms and 

increasingly irregular precipitation. 

4. Warmer winters and wetter summers already limit active forest management by 

shortening the time frames that forest operations can take place. These negative 

climate impacts are projected to strengthen in the future, potentially leading to 

cascading negative effects on rural economies, forest product markets, and 

management for forest health and climate adaptation. 

5. Land use change and parcelization, most commonly conversion of forests to 

residential or commercial use, is a persistent trend in Vermont, a major threat to forest 

health and productivity, and a contributor to climate change.  
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6. As climate change impacts forest ecosystem function, there is a need for management 

to increase forest adaptive capacity. Current methods to achieve increased adaptive 

capacity at the ecosystem level (retaining ecosystem function despite threats to 

individual tree species or forest types) include increasing forest structural complexity 

and enhancing compositional and functional diversity and redundancy.  

7. Climate change impacts will be more severe for urban trees because of the effects of 

the built environment on temperature and water cycling, as well as additional stressors 

associated with urbanized areas like soil compaction, soil fertility, and pollution. 

8. Urban trees will be increasingly important to humans because of the services they 

provide. While urbanized areas in Vermont make up less than 2% of the state’s land 

area, they are home to nearly 243,000 people, 39% of the Vermont population. Because 

of the high population density and lower tree cover in urbanized areas, per-tree 

ecosystem services can be higher than in a forest setting. In addition to critical climate 

and ecosystem benefits provided by trees everywhere, urban trees mitigate the urban 

heat island effect through cooling and shading and reduce stormwater runoff from 

extreme rainfall events. 

2.2 forest structure and composition 

To understand the relationship of Vermont’s forests to climate change, it is important to 

examine the current state of the forests’ structure and composition. Forest structure can be 

broadly defined by elements such as trees and downed logs and the spatial arrangement of 

these elements (Franklin et al., 2002). Forest composition describes the number and 

distribution of species present in a forest. Both influence forest health, function, and resilience 

to climate change. Vermont’s forest composition is projected to change as climate conditions 

shift, with warmer-adapted species expanding range across the region and colder-adapted 

species decreasing range to higher altitudes and latitudes (Iverson et al., 2019). Understanding 

how the existing forest will respond to climate change is essential to managing it and will 

impact objectives including conservation, recreation, and aesthetic benefits. 
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2.2.1 Historic and Current Forest Structure in Vermont 
Vermont’s forests have undergone several major shifts before developing into the largely 

northern hardwood-dominated forests found across much of the state today (Figure 2-1). The 

most recent drastic change was precipitated by European colonialism. Prior to European 

settlement, Vermont’s forests were characterized by maple species and beech, with an 

increasing spruce-fir component further north (Cogbill et al., 2002). Although Indigenous 

communities utilized the forest, the dominant disturbances were small-scale weather events 

such as wind and ice storms (Seymour, 2005). For several centuries, clearing land clearing for 

agriculture, building, and logging increased in Vermont until only 20% of the state remained 

forested in the late 1800s (Jeon et al., 2014).   

During the 1900s, as agricultural production declined in Vermont in favor of more profitable 

lands elsewhere, forest cover reversed course and began increasing. This agricultural 

abandonment led to secondary forests (forests growing on previously cleared land) with an 

even-aged dominance of 80–100 years for most trees, minimal old growth, and some younger 

age classes arising (Figure 2-2). More recently, younger age classes face establishment 

challenges including deer browse and less-than-optimal regeneration conditions due to 

invasive species, as discussed in the Disturbance section.  

Currently, forests cover 74% of Vermont, a slight decline from 78% near the turn of the twenty-

first century. About 80% of Vermont’s forests are owned by families and individual landowners, 

the remaining is mostly publicly owned, except for a small percent under corporate ownership 

(USDA Forest Service, 2020). The most prevalent forest type in Vermont is northern hardwood, 

and the most prevalent overstory species is sugar maple (Acer saccharum). As climate change 

shifts many species’ habitability ranges and intensifies disturbances, Vermont’s forests may 

look as different 100 years from now as they did 100 years ago. 
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Figure 2-1: Forest types in Vermont circa 2010 (Vermont Forest Resources Plan, 2010) 

 

 

Figure 2-2: Vermont land area, in thousands of acres, covered by age class cohorts of forests based on 
Forest Inventory and Analysis sampling data 

Notes: Labels represent the upper limit of each age class; cohort ages are 1-20, 21-40, etc. Black bars represent 
sampling error at the 95% confidence interval (Morin, 2018, EVALIDator Version 1.8.0.01, 2021) 
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Forest resilience to climate change is tied to structural, compositional, and functional 

complexity at both the stand (local) and landscape scale. Within a forest stand, structural 

complexity relates to the arrangement of mixed elements, such as live and dead trees and 

downed logs; a structurally complex forest has a varied arrangement of these elements 

(Figure 2-3A). Landscape-scale structural heterogeneity (diversity of arrangement of structure 

types, including canopy gaps or groups of old trees) creates a variety of recovery pathways for 

forests and thus increases forests’ ability to bounce back after a disturbance (Figure 2-3B). 

Compositional complexity and functional complexity are highly related. A compositionally 

complex forest has different species present in varying proportions. A functionally complex 

forest has trees that encompass a variety of functional traits as well as redundancy of these 

traits across the tree species present. Functional traits are related to plant colonization, 

survival, growth, and mortality, and they are strongly linked to ecological function (Violle et al., 

2007). While species composition can provide information about diversity, it cannot provide 

specific information about biological function, ecological services, or occupation of ecological 

niches, all of which are valuable to understand ecosystem function (Messier et al., 2019). 

Diverse forests are resilient to a wider range of threats: for example, if a disease affects only a 

single tree species or a specific age class of trees, forests with greater variety in species or 

age classes will be less impacted by this disturbance than a simpler forest. Managing forests 

for structural, compositional, and functional complexity has multiple benefits, including 

enhanced habitat value, greater adaptive capacity, and carbon storage (D’Amato and Palik, 

2020; Keeton, 2006). (See also forest adaptation in this chapter.) 
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Figure 2-3: Structural complexity) and heterogeneity at multiple scales in a forest 

Notes: A) A structurally complex vs. simple forest at the stand scale. The complex stand has species diversity, age 
class diversity, irregular arrangement of trees, and large downed woody material (Palik et al., 2020). B) At a landscape 
scale, this heterogenous forest contains canopy gaps of multiple sizes, uncut patches of forest in varying sizes, and 
thinned forest between these elements. Imagery from NH GRANIT (GranitView 2021) 

 

2.2.2  Projected Changes to Forest Composition and Structure 
As forest-type zones are predicted to shift northward, Vermont is predicted to become 

increasingly habitable for oak-hickory forests and less habitable for the northern hardwood 

and spruce-fir forests that currently dominate the landscape. 

The USDA Climate Change Tree Atlas provides comprehensive data and current and projected 

future ranges for over 100 tree species. Future ranges are calculated using climate models. 

Each model considers a different set of variables and makes a different set of assumptions, so 

each model’s predicted future conditions are slightly different. Figure 2-4 compares the current 

distribution of eastern United States forest types based on on-the-ground forest inventory 

data, to a potential 2100 distribution, calculated by averaging high-emissions scenarios for 

three models used to develop the General Circulation Model (Iverson et al., 2019; Peters et al., 

2020). Figure 2-5 shows ecoregions in Vermont, and Table 2-1 breaks down the projected 

changes by tree species and ecoregion in the state. 
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Figure 2-4 

Note: The potential future distribution for the year 2100 is the result of averaging high-emissions scenarios of the three 
climate models making up the General Circulation Model (Peters et al., 2020). 

 

 

Figure 2-5: Vermont USDA EcoMap sections (U.S. Forest Service, 2017, Table 1) 
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Table 2-1: Projected species future range shifts in USDA EcoMap regions of Vermont 

 
 

Notes: Under medium-emissions (RCP4.5) or high-emissions (RCP8.5) scenarios, data from the Climate Change Tree 
Atlas predicts each species’ suitable habitat range to increase (+), decrease (-), stay the same (●), or expand into the 
region (▹). Modeled scenarios represent the future predicted conditions resulting from different concentrations of 
greenhouse gas emissions (Iverson et al., 2019; Peters et al., 2020). Adapted from (Catanzaro et al., 2016). 
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Box 2.1: Vermont Sugar Maple 
Sugar maple is Vermont’s most common tree species. In addition to the usual tree 

benefits of shade and wood, its sweet sap plays a big role in the state. Maple syrup 

production is a major industry in Vermont, representing $54 million in revenue for 

sugar makers in 2019 (Vermont Agency of Agriculture, Food & Markets 2019 Legislative 

Summary, 2020). Because sap collection requires specific weather conditions of cold 

spring nights and above-freezing days, the changing climate may significantly impact 

maple syrup production in Vermont. 

Future climate regime models predict that the habitable area for sugar maple will 

decrease overall, though some new habitat refuges for sugar maples will become 

available (Rapp et al., 2019). Climate change may also impact the forest tent 

caterpillar (FTC), a native insect that eats the leaves of sugar maple and other trees 

in Vermont. FTC outbreaks occur in periodic cycles, most recently in 2016-2018 

(Vermont Department of Forests, Parks & Recreation, 2018). Shifting temperatures 

are likely to affect FTC survival and shift the synchrony between egg hatching and 

bud break, though it is not yet clear whether the net effect for sugar maples will be 

positive or negative (Uelmen et al., 2016). These hungry caterpillars can compound 

with climate change factors—such as earlier leaf-out dates, late spring frosts, and 

drought—to increase stress on sugar maples and make them less suitable for 

tapping (Oswald et al., 2018). In other words, trees already stressed by insect attacks 

are more vulnerable to the effects of unusual temperature and precipitation changes. 

Figure 2-6 shows the variance of average leaf-out dates of sugar maples over time; 

this is just one metric showing how unusual temperature and precipitation changes 

are influencing sugar maples. 

The dates of highest sap flow are shrinking overall and shifting earlier in the season, 

requiring maple producers to change their schedules to keep up with current levels of 
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production (Guilbert et al., 2014). In the future, even more limited dates of highest sap 

flow are projected, suggesting that a decrease in syrup production is likely 

unavoidable. Lower sugar content in sap is another change projected to intensify 

with the warming climate (Rapp et al., 2019). This means more sap will be required to 

produce each gallon of syrup, decreasing overall syrup yield for sugar makers.  

In summary, direct climate impacts and increased stressors will likely negatively 

impact one of Vermont’s leading industries. Surveys indicate that most maple 

producers already are aware of and adapting—or planning to adapt—to the effects of 

climate change, including by adopting new technologies and shifting where they 

obtain sap if current pathways become unreliable (Kuehn et al., 2017). 

 

Figure 2-6: Average annual leaf-out date for sugar maples monitored in Underhill, VT (Halman 
and Wilmot, 2017) 
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2.3 forest productivity 

Forest productivity is a measure of how much and how quickly a forest grows over time. It is 

typically quantified as net primary productivity (NPP) in the unit of mass per unit area per unit 

time. “Net” represents the amount of productivity when taking into account losses, such as 

from respiration, and “primary” refers to photosynthetic producers in an ecosystem. Net 

ecosystem production is the physical biomass produced by plants in a forest through 

photosynthesis, which is mainly composed of carbon. A productive forest takes in carbon from 

the atmosphere and sequesters (captures from the atmosphere and stores) carbon in the 

molecules of leaves, branches, and roots. As such, productive forests can buffer the effects of 

climate change by sequestering more carbon from the atmosphere (IPCC, 2014). Much of this 

carbon is transferred to fungal partners associated with tree roots, making forest soils a major 

carbon sink and accounting for approximately 50% of Vermont’s forest carbon (Kosiba, 2021a; 

Steidinger et al., 2019). Productive forests also typically provide ecosystem services such as 

water filtration and storm protection, protect themselves against disturbances such as pest 

infestations and severe weather events, and more quickly recover from such disturbances.   

There is moderate evidence suggesting that climate change will increase the carbon stored in 

Vermont’s forests in the next fifty years (Duveneck and Thompson, 2017; Janowiak et al., 

2018) based on both computer modeling and empirical observations (Figure 2-7). On a finer 

scale, however, the effects of climate change on productivity are likely to vary both spatially 

and between species due to a combination of indirect climate effects (such as those that may 

alter soil microbial activity) and different trees’ levels of resilience and adaptability (to drought 

or extreme heat tolerance, for example). Table 2-2 describes confounding effects of changes 

caused by climate change.  

The productivity of Vermont’s forests is influenced by management practices as well as 

climate change effects. While forests already store carbon, it may be possible to manage 

some forested areas for enhanced carbon storage, a desirable outcome considering emerging 

carbon markets. Carbon storage is just one of many desired management outcomes and must 
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be balanced with needs relating to recreation, wildlife habitat, and economics, among others. 

(See also the forestry management section in this chapter).  

 

 

Figure 2-7: Carbon stored in Vermont’s forests between 2005 and 2019 (FEMC, 2019) 

 

2.3.1 Change in Length and Temperature of the Growing Season 
Climate change, particularly warmer winter temperatures, is expected to increase the length of 

the growing season (Figure 2-8), which has already lengthened by three weeks since 1900 (see 

Climate Change in Vermont chapter). A longer growing season supports optimal conditions for 

photosynthesis for more days of the year. In one study of northeastern forests, a 1% increase 

in the growing season length resulted in a 1.6% increase in net ecosystem productivity 

(McMahon et al., 2010), with gains mainly in increased aboveground biomass. Interactions are 

likely to be more complex. Like animals, plants respire (breathe out), using carbohydrate 

sugars created through photosynthesis to produce energy. Respiration is positively correlated 

with temperature, so increased summer temperatures may cause increased respiration and 

may cause decreasing NPP in forests. However, gains in spring productivity are expected to 

exceed the increased summer respiration (Buermann et al., 2013; Duveneck et al., 2016; 



 
 

Climate Change in Forests   Vermont Climate Assessment, 2021          14 

Keenan et al., 2014). Respiration may exceed productivity in more extreme warming climate 

scenarios (e.g., RCP8.5) and/or for tree species that have low temperature optimums for 

photosynthesis (such as spruce) (Ollinger et al., 2008), although some young trees are able to 

adjust their physiology to photosynthesize more efficiently under warmer temperatures. In 

addition to respiration from plants, warmer temperatures have been shown to increase soil 

respiration from bacteria (Campbell et al., 2009), releasing some soil carbon and decreasing 

ecosystem productivity overall. By one estimate, temperate forest systems respire 10% of their 

total carbon, with that number increasing annually (Zhao et al., 2017). Another potentially 

damaging effect of extended growing seasons is warm spring temperatures that lead to earlier 

leaf-out may result in frost injury to trees, diminishing the benefit caused by the longer growing 

season (Hufkens et al., 2012). 

 

Figure 2-8: Length of Vermont’s freeze-free period by decade (consecutive days with minimum 
temperature above 28ºF) plotted above and below the 1900–2019 mean value (solid black line). (See 
Climate Change in Vermont chapter.) 

2.3.2 CO2 Fertilization Effect 
 “CO2 fertilization” is a phenomenon in which increased levels of atmospheric CO2 enhance 

photosynthesis rates, thereby increasing tree and plant NPP. Globally, there is potential for 
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forests to sequester more CO2 and effectively lower atmospheric CO2 concentrations (Figure 2-

9). Studies have found that elevated atmospheric CO2 concentrations can increase the 

optimum temperature for photosynthesis in some species and increase plants’ water use 

efficiency, promising signs that forests may become even more productive and efficient in 

water use, at least through the next fifty years (Ollinger et al., 2008; Rayback et al., 2020; 

Sperlich et al., 2020). 

While climate change may increase productivity via CO2 fertilization, these benefits may be 

offset by warming-induced water and nutrient stress (Norby et al., 2010). Additionally, 

disturbances that interact with climate change—such as fire, insect infestations and increased 

herbivore populations—will decrease productivity (Couture et al., 2015). The net effect depends 

on the interactions among atmospheric CO2 concentrations, the sensitivity of tree species to 

heat, drought and nutrient stress, and external disturbances. For example, the extent to which 

CO2 fertilization enhances the productivity of spruce forests is limited by their sensitivity to 

temperature increases. To an extent, the higher NPP and water use efficiency resulting from 

increased CO2 may allow trees to be nominally more resilient to disturbances brought on by 

climate change, although more research is needed to determine this. 

 

Figure 2-9: Average simulated aboveground biomass (AGB) in kg/m2 in 2010 and percent change in 
AGB from 2010 to 2110 under the HADGE-modeled climate change scenario, based on current 
conditions and absent major disturbance 

Notes: HADGE = Hadley global environmental model v2 - earth system (modified from Duveneck et al., 2016) 
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2.3.3 Impacts to Nutrient Cycling 
To carry out their metabolic processes and produce biomass, trees and other plants rely on 

nutrients and water from soils. Two of the most important nutrients are phosphorus and 

nitrogen and phosphorus. Phosphorus is deposited in soils through the weathering of rocks. 

Nitrogen is abundant in the atmosphere, but most plants can use it only if it is converted to a 

compound called nitrate (NO3) by nitrogen-fixing bacteria that live in soils and the roots of 

some leguminous plants. Nitrogen is generally a growth-limiting nutrient in temperate forest 

ecosystems because nitrate occurs in low concentrations (Campbell et al., 2009). 

Warming spring temperatures cause snowpack to disappear earlier in Vermont, impacting 

nutrient cycling in different ways. Snowmelt may leach nutrients from the soil when it occurs 

before photosynthesis has resumed and plants can retain nutrients (Contosta et al., 2017; 

Groffman et al., 2012). Earlier peak snowmelt may limit water availability during the height of 

the growing season (Wilson et al., 2020), depending on spring and summer rainfall. A 

combination of earlier snowmelt and decreased snowpack depth (see Climate Change in 

Vermont chapter) exposes soils to colder temperatures since snowpack tends to insulate 

soils. Soil-freezing events damage plants’ root tissues so they take up less nitrogen, leading to 

leaching of nitrogen from the soil over time (Campbell et al., 2014). Under a changing climate, 

temperature, precipitation, and biogeochemical cycles will interact in new ways that is highly 

likely to cause a net decrease in key nutrients in Vermont’s soils, limiting the growth of forests 

and forest productivity. 

2.3.4 Impact to Beneficial Plant-Fungus Relationships 
Soil microbes and fungi play a large role in the productivity of forest ecosystems. 

Ectomycorrhizal (which surround plant roots) and arbuscular mycorrhizal (which penetrate 

plant roots) are two of the most abundant root-colonizing fungi that provide trees with critical 

nutrients and, in exchange, receive carbon from tree roots. These fungi are crucial to carbon 

sequestration and storage in forest ecosystems.  
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Certain types of fungal symbiotic partners, in particular ectomycorrhizal fungi, dominate in 

forests where seasonally cold and sometimes dry conditions inhibit decomposition and where 

nitrogen is a limiting nutrient—as in Vermont. These fungi have evolved symbiotic 

relationships with 60% of all tree species, mainly in higher latitudes and altitudes (Steidinger et 

al., 2019). However, as environmental conditions become more like lower latitudes and 

altitudes (e.g., warmer, wetter), these fungi are threatened. Declines in such fungi could cause 

declines in the trees adapted to them, including beech (Fagus grandifolia), white pine (Pinus 

strobus), oaks (Fagus spp.), and many other northern hardwood species. However, when 

combined with other climate adaptability indicators of tree species, different patterns emerge. 

For example, the range of oak species may expand (Figure 2-4, Table 2-1). Change in fungal 

composition in Vermont’s soils along with increasing temperature and precipitation will 

facilitate changes in the composition of forests (Classen et al., 2015). Changing temperature 

and precipitation regimes are also compromising the functionality of the fungi and microbes, 

which trees depend on to assimilate nutrients from the soil, causing negative impacts on 

productivity that may not be mitigated by longer growing season length and CO2 fertilization. 

2.3.5 Atmospheric Deposition 
Humans release many compounds that can affect forest productivity to the atmosphere. For 

example, volatile sulfur and nitrogen compounds originating from industrial activities are 

deposited from the atmosphere by rain and snowfall in relatively high concentrations in the 

northeastern United States (“atmospheric deposition”) (Pardo et al., 2011), though the 

production of these compounds is expected to decrease because of measures to reduce 

greenhouse gas emissions. Atmospheric deposition of nitrogen and sulfur to soils can alter 

the biogeochemistry of forest ecosystems. Nitrogen saturation has been shown to decrease 

the allocation of carbon to mycorrhizal fungi, weakening the essential relationship between 

trees and fungi (Frey et al., 2014). Nitrogen and sulfur deposition has been shown to make 

trees more vulnerable to drought and insect infestations, weakening resilience to climate 

change (McNulty and Boggs, 2010; Pardo et al., 2011), and acid deposition can leach nutrients 

from foliage and forest soils, leading to nutrient depletion (DeHayes et al., 1999). While 
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atmospheric deposition is not a direct effect of climate change, it comes from the same root 

cause (e.g., human combustion of fossil fuels). The use of products containing nitrogen and 

sulfur increased for many decades before regulations began limiting production. There are 

indications of ecosystem recovery from some of these pollutants (Kosiba et al., 2018) but 

stress brought on by climate change could exacerbate the negative effects of nitrogen and 

sulfur deposition.  

Ground-level ozone is an atmospheric pollutant that affects stomatal control, decreases water 

use efficiency, and damages plant tissues, thus causing water stress and decreased biomass 

and productivity. Plants with increased ozone exposure have declines that offset gains in 

productivity from CO2 fertilization (Mohan et al., 2009; Rustad et al., 2012) Ozone levels are 

closely linked to the presence of nitrogen oxides (products of fossil fuel combustion) in the 

atmosphere, so decreased ozone emissions could have positive effects for forest productivity 

barring negative interactions with other climate change stressors.  
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Table 2-2: Factors interacting with climate change and affecting productivity for forest ecosystems in 
the Northeast 

Confounding 
factor 

Effect 

Nutrient 
availability 

Less fertile soils, characterized by declines in essential nutrients such as nitrogen and 
phosphorus, are expected due to a combination of increased 1) decomposition rates, 2) 
leaching of soil nutrients due to earlier snowmelt and increased precipitation events, and 3) 
uptake rates by plants with enhanced metabolisms due to CO2 fertilization. 

Water availability While Vermont has experienced increased annual precipitation, there are two factors that 
could lead to water limitation: 1) Earlier onset of snowmelt, if not mitigated through rainfall, 
will lead to lower water table levels. 2) Warmer temperatures will increase rates of 
evapotranspiration from plants and lead to a decrease in water use efficiency. 

Heat stress Tree species that are intolerant to intense heat, such as spruce, may experience declines in 
productivity in the summer.  

Biotic stressors Climate change is expected to increase the prevalence of pests and pathogens (see the 
disturbance section in this chapter), invasive species, and herbivores (such as white-tailed 
deer) due mainly to milder winters. The range and fecundity of these species will expand and 
become more established in Vermont. Most tree types will experience direct decreases in 
biomass and productivity due to biotic stressors. 

Arrested 
succession 

Both native and invasive plant species can form dense, monodominant understories. Such 
understories can form quickly after disturbances, particularly where excessive deer grazing 
favors the proliferation of less-desired browse species. Dense understories can limit forest 
regeneration, outcompeting slower growing trees for physical space, nutrients, and sunlight, 
and thus arresting forest succession. 

Atmospheric 
deposition and 
acid rain 

Acid deposition in the Northeast originates from industrial activities producing nitric or 
sulfuric oxide emissions that combine with atmospheric water vapor to form acid rain. Acid 
deposition could increase with increased precipitation events, though high levels of water 
vapor may also dilute effects, or emissions may be reduced through emissions reductions. 
The impacts of atmospheric deposition and acid rain on nutrient availability will especially 
affect high-elevation spruce/fir forests, which are already suffering from heat stress. 

 

2.4 disturbance 

Ecological disturbance (e.g., high winds, fire) plays a major role in forest structure and 

function. Climate change may compound the effects of biotic disturbances such as invasive 

forest pests, plants, and pathogens. Simultaneously, climate change is projected to increase 

the frequency and severity of abiotic stressors, such as extreme weather events (Reidmiller et 

al., 2018). Forests are constantly responding to minor disturbances, but the expanding 
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frequency and intensity of these stressors is unprecedented in recent times. In addition, 

disturbances may interact; for example, more frequent stand-replacing weather events may 

provide better habitat for shade-intolerant invasive plants that can aggressively displace 

native species (Dukes et al., 2009).  

2.4.1 Biotic Disturbances 
Forest pests and pathogens, herbivores, and invasive plants are all agents of disturbance in 

Vermont’s forests, and they intersect with climate change to varying degrees. Of the many 

exotic species brought to the United States intentionally or unintentionally each year, a 

fraction is considered invasive species due to their abilities to aggressively spread, kill, or 

displace native species. Non-native insects and diseases may functionally eliminate a tree 

species or group of species, such as ashes or hemlocks, significantly altering the forests in 

their invasive range (Lovett et al., 2016). Others, such as a group of fungal pathogens known 

as anthracnose disease, inflict low-level stress on a variety of species, contributing in 

conjunction with other factors such as drought or changing climate suitability to overall forest 

decline. Although effects vary among species, in many cases warming trends enable invasive 

species to spread faster by decreasing winter mortality and increasing reproduction rates 

(Seidl et al., 2014). Table 2-3 summarizes the impacts and climate interactions of several non-

native pests and pathogens of concern in Vermont, including some that are already 

established in the state and others that may arrive soon. 

Invasive plant species represent a different threat to Vermont’s forests. Instead of directly 

killing trees, they out-compete native plants, including many understory species, and take up 

sunlight and other resources. Although invasive plants are found in different habitats and 

conditions, they are often shade-intolerant and spread or reproduce prolifically. Increasing 

forest fragmentation and human-caused disturbances, along with native species that are more 

vulnerable due to climate change, lead to increased dominance by invasive plants. Invasive 

plants displacing native plants have ripple effects through the ecosystem: they remove food 

sources for wildlife and alter soil chemistry, nutrient cycling, and water cycling (Fisichelli et al., 

2014). 
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Repeated disturbances often lead to reduced diversity and proliferation of dense understories 

that prevent or delay the natural succession of forests; these dense, monodominant patches 

are called recalcitrant understories. Recalcitrant understories are usually composed of fast-

growing and browse-tolerant species that increase light percolating to the forest floor. They 

are caused by excessive deer grazing in tandem with outbreaks of diseases or pests, such as 

the LDD moth (Lymantria dispar) (Royo and Carson, 2006). Fundamentally, canopy disturbance 

and ground level manipulation are likely to significantly alter the successional trajectory of 

forests. Causes—including deer browse and disease outbreaks—are expected to increase in 

frequency and severity in Vermont because of climate change (see Fish and Wildlife in 

Vermont chapter). Further, pressure from deer browsing may limit the ability of forest 

ecosystems to respond to climate change (Fisichelli et al., 2012). The outcome for many of the 

hardwood species valued in Vermont is less vigorous regeneration. Deer browsing combined 

with other climate stressors could contribute to the decline of forest types in Vermont. 

Table 2-3: Invasive pests and pathogens of current or future concern in Vermont forests 

Pest or 
pathogen 

Description Species 
impacted  

Geography Climate 
interactions 

References 

Balsam woolly 
adelgid 
(Adelges 
piceae) 

Small, aphid-like 
insect that 
feeds on trees’ 
internal tissues, 
particularly 
older trees 

Balsam fir 
(Abies 
balsamea) 

Statewide in VT Populations are 
limited by 
temperature 
extremes, 
expanded by 
milder seasons in 
comparable 
forests in other 
regions 

Hrinkevich et 
al., 2016; 
Quiring et al., 
2008 

Beech bark 
disease 
(Nectria fungi) 
and beech 
scale insect 
(Cryptococcus 
fagisuga insect) 

Combination of 
at least two 
fungal 
infections and 
sap-feeding 
scale insects 
that weaken 
trees, affecting 
their ecological 
values  

American beech 
(Fagus 
grandifolia) 

Statewide in VT Increasing periods 
of drought make 
beech more 
vulnerable to 
factors like beech 
bark disease, as 
beech is less 
climate resilient 
than many other 
hardwoods. Milder 
winters favor 
beech scale insect 

Stephanson 
and Coe, 
2017 
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Pest or 
pathogen 

Description Species 
impacted  

Geography Climate 
interactions 

References 

Earthworms Variety of worm 
species 
originating in 
Europe 
accelerate litter 
decomposition, 
altering forest 
floor structure 

Many overstory 
and understory 
species  

Statewide in VT Overstory and 
understory species 
are impacted by 
the changes 
worms make on 
the soil profile, 
which affects 
regeneration of 
species and 
moisture retention 
in the soil. It is 
likely to amplify 
other climate 
effects like 
changing 
precipitation 
regimes and soil 
communities 

Dobson and 
Blossey, 2015 

LDD moth 
(Lymantria 
dispar dispar) 

Moth whose 
caterpillar feeds 
on leaves of 
many trees, with 
rapid population 
growth 
occurring in 
irregular 
outbreaks; 
consecutive 
years of 
defoliation can 
kill trees 

Oaks (Quercus 
spp.), apples 
(Malus spp.), 
maples (Acer 
spp.), birches 
(Betula spp.), 
and many other 
species 

Statewide in VT Drought leads to 
LDD moth 
outbreaks because 
it limits the growth 
of a fungus that 
kills and weakens 
LDD. Climate 
change is likely to 
increase the 
variability and 
extremity of 
weather patterns, 
including extended 
periods of drought 
that could lead to 
more frequent LDD 
outbreaks & more 
severe impacts in 
the future 

REF Davidson 
et al.., 1999 
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Pest or 
pathogen 

Description Species 
impacted  

Geography Climate 
interactions 

References 

Anthracnose 
disease 

Various species 
of fungus 
causing leaf 
damage that 
weakens and 
rarely kills trees 

Maples (Acer 
spp.), ashes 
(Fraxinus spp.), 
oaks (Quercus 
spp.), 
sycamores 
(Platanus spp.), 
dogwoods 
(Cornus spp.), 
and others 

Several 
locations across 
VT 

Thrives in moist 
conditions, so 
changing 
precipitation 
regimes may affect 
its spread, 
frequency, and 
severity; 
susceptible tree 
species may 
increase or 
decrease range in 
Vermont due to 
climate change 

Holzmueller 
et al., 2010; 
Vermont 
Forest Health, 
2011 

Elongate 
hemlock scale 
(Fiorinia 
externa) 

Scale insect that 
feeds on 
needles, 
stressing trees 
in combination 
with hemlock 
woolly adelgid 

Eastern hemlock 
(Tsuga 
canadensis) 

Several 
locations across 
VT 

Demonstrated 
ability to adapt 
locally to different 
temperatures may 
enable its 
continued spread 
throughout 
hemlock’s range 

Preisser et al., 
2008 

Emerald ash 
borer (EAB) 
(Agrilus 
planipennis) 

Green beetle 
feeding on inner 
bark and 
sapwood in its 
larval stage, 
weakening and 
usually killing 
trees 

Ashes (Fraxinus 
spp.) 

Several 
locations across 
VT 

Ash and EAB 
ranges are 
predicted to shift 
under climate 
change; 
phenological 
mismatch between 
EAB and biocontrol 
agents may occur 

Jones et al., 
2020; Liang 
and Fei, 2014 

Hemlock 
woolly adelgid 
(Adelges 
tsugae) 

Small, aphid-like 
insect that 
feeds on trees’ 
stored starches 

Eastern hemlock 
(Tsuga 
canadensis) 

Windham, 
Bennington, and 
Windsor 
counties as of 
2019 

Currently restricted 
to southern VT due 
to cold winter 
temperatures, but 
warming winters 
may expand range 
northward 

McAvoy et al., 
2017 
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Pest or 
pathogen 

Description Species 
impacted  

Geography Climate 
interactions 

References 

Sirex 
woodwasp 
(Sirex noctilio) 

Large, wood-
boring insect 
often 
transported 
through wood 
packaging and 
firewood 

Pines (Pinus 
spp.) 

Present in VT 
(detected in 
Lamoille County 
as of 2008) 

Trees stressed by 
changing climate 
factors (e.g., 
increased drought) 
are more 
vulnerable to 
infestation by this 
pest 

Slippers et al., 
2011 

Asian 
longhorned 
beetle 
(Anoplophora 
glabripennis) 

Large black and 
white-spotted 
beetle that 
feeds on wood 
in its larval 
stage, 
weakening host 
trees 

Hardwood 
species 
including 
maples (Acer 
spp.), ashes 
(Fraxinus spp.), 
birches (Betula 
spp.), poplars 
(Populus spp.), 
and more 

Not detected in 
VT; present in 
MA and NY 

High temperatures 
and precipitation 
limit Asian 
longhorned beetle 
dispersal, but 
effects are not 
consistent across 
its range 

Huang et al., 
2020 

Spotted 
lanternfly 
(Lycorma 
delicatula) 

Leafhopper 
insect feeds on 
sap, stressing 
and sometimes 
killing trees 

Maples (Acer 
spp.), birches 
(Betula spp.), 
grapevines (Vitis 
spp.), and many 
other species 

Not detected in 
VT; present in 
NY, CT, PA, and 
NJ 

Often co-occurs 
with tree-of-
heaven, its 
preferred host 
species, and an 
aggressive 
invasive plant 

Urban, 2020 

Winter moth 
(Operophtera 
brumata) 

Caterpillar that 
feeds on buds 
and new leaves 
in spring 

Oaks (Quercus 
spp.), maples 
(Acer spp.), 
birches (Betula 
spp.), apples 
(Malus spp.), 
blueberries 
(Vaccinium 
spp.), and others 

Not detected in 
VT; present in 
MA, RI, NH, ME, 
CT, and NY 

Warmer winters 
may allow it to 
expand its range 
into Vermont; 
changing weather 
disrupts winter 
moth’s synchrony 
with host tree bud 
break, some shift 
to other species 

Elkinton et al., 
2015 
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Box 2.2: Emerald ash borer and climate impacts in 
Vermont 
Emerald ash borer (EAB; Figure 2-10) is one of the most destructive invasive forest 

pests in the United States. This shiny green beetle, native to Asia, feeds on ash tree 

sapwood and inner bark in its larval life stage, weakening and eventually killing trees. 

Its spread has caused economic, ecological, and cultural losses as it has killed 

millions of ash trees in cities and forests (McCullough, 2020). 

 

Figure 2-10: An adult emerald ash borer. Photo: USDA-APHIS, 2012 

EAB’s rapid expansion in North America is largely attributed to unintentional human 

movement through infested firewood. Quarantine regulations helped keep EAB out of 

Vermont for many years, but it was first detected in Vermont in 2018 (Figure 2-11) 

and has since spread to several locations (“Emerald Ash Borer (EAB) Infested Area in 

Vermont,” 2021). Avoiding movement of firewood is still encouraged to slow its 
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spread, but at this point EAB is likely to continue to expand its range throughout 

Vermont’s forests.  

Climate change may alter the dynamics between EAB and ash trees in North America, 

though these effects are likely to take place on a longer time scale than the current 

speed of EAB-induced mortality. One study suggests that climate change will 

exacerbate EAB’s impacts in the northern part of its invasive range, including 

Vermont, because the future climate will be more favorable to EAB (Liang and Fei, 

2014).  

While there is no silver bullet that can prevent EAB, there are several options to 

manage EAB and forests containing ash. They include: 

Chemical control: The pesticide emamectin benzoate is highly effective at protecting 

individual ash trees from EAB, but its expense and impermanence limits its 

widespread use. It can be combined with girdling “trap” trees to attract and then kill 

EAB.  

Biological control: Several EAB parasitoids from its native range have been released 

in the United States in efforts to reduce pest populations. Though they are not 

available for individual use, growing populations may contribute to landscape-level 

EAB control, most often used in conjunction with other methods. 

Genetic resistance: A small proportion of North American ash trees display natural 

resistance to EAB, and research efforts are underway to identify these individuals, 

understand their mechanisms of defense, and breed them to create more resistant 

ash stock. 

Silvicultural strategies: When managing forests with ash for EAB, it is important to 

keep in mind that diverse forests are resilient forests. Retaining some mature ash in 

the face of EAB allows resistant individuals to persist and reproduce. The habitable 
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range for white ash in Vermont is predicted to increase, and if it can be preserved to 

some extent through the immediate threat of EAB, ash may continue to be an 

ecologically significant component of Vermont’s future forests (D’Amato et al., 2020). 

 

Figure 2-11: A forest harvested partly in response to emerald ash borer invasion. Photo: 
Hanusia Higgins 
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Box 2.3: LDD Moth (Lymantria dispar dispar) outbreak of 
2021 
In 2021, Vermont and other parts of New England saw the largest outbreak of the 

Lymantria dispar (LDD) moth (Figure 2-12) in three decades (Vermont Department of 

Forests, Parks & Recreation, 2021). LDD is an invasive pest that was introduced to 

North America in 1869. LDD caterpillars prefer feeding on oak leaves but will eat the 

leaves of many other trees, including maples, birches, and even pines when their 

favorite host is not available (Davidson et al., 1999). The caterpillars in 2021 were 

prolific enough that they caught the notice of many Vermonters (Robinson, 2021). In 

addition to defoliating many trees, LDD caterpillars can cause uncomfortable rashes 

for some people who come into contact with them (Kikuchi et al., 2012). 

Populations of LDD, though present at low levels each year, are usually kept in check 

by a fungus that needs wet conditions to thrive. Vermont’s recent drought conditions 

have prevented the fungus from carrying out its population control, leading to the 

2021 LDD explosion. The next few years could see more high levels of LDD if dry 

periods continue. Though one year of LDD defoliation is not catastrophic for trees 

(Figure 2-13), two or more consecutive years could be deadly (Vermont Department of 

Forests, Parks & Recreation, 2021). Especially in combination with other stressors 

like drought, LDD is a serious threat to Vermont’s forests. Climate change is causing 

more variable and extreme precipitation changes. If more drought is in the future, 

then more LDD destruction certainly is too (Davidson et al., 1999). Vermonters should 

read the advice from its Vermont Department of Forests, Parks, and Recreation to 

control the spread of LDD in future years (Vermont Department of Forests, Parks & 

Recreation, 2021).  



 
 

Climate Change in Forests   Vermont Climate Assessment, 2021          29 

 

  

 

Figure 2-12: An LDD moth caterpillar. Photo: Charles C, 2011 

 

 

Figure 2-13: Heavy defoliation caused by LDD in Pennsylvania during a 2007 outbreak. Photo: 
Dhalusa, 2007 

 

 
 
 
 
 
 
 
 



 
 

Climate Change in Forests   Vermont Climate Assessment, 2021          30 

2.4.2 Abiotic Disturbances 
Although large-magnitude disturbances such as windstorms and ice storms are historically 

rare in Vermont, these extreme events are projected to increase in frequency and severity due 

to climate change (Reidmiller et al., 2018). Models indicate that such events will occur with 

increasing stochasticity (unpredictability), making specific future impacts difficult to forecast 

(Janowiak et al., 2018). Abiotic disturbances have a range of impacts on Vermont’s forests, 

from tree mortality to altered forest structure to changing soil conditions.  

 

  

  

Box 2.4: Effects of future precipitation scenarios on forest 
regeneration 
Written by Peter Clark, University of Vermont 

Climate change has already increased precipitation and altered the intensity of 

precipitation in Vermont, trends that are expected to continue (see Climate Change in 

Vermont chapter). In the northeastern United States, heavy precipitation events (>1 

inch per day) punctuated by long periods of drying are already more common and are 

projected to increase throughout the twenty-first century with broadscale 

consequences on forest ecosystem function, composition, and the delivery of 

ecosystem services.  

A recent scientific experiment was conducted in the University of Vermont’s Jericho 

Research Forest to understand the effects of future precipitation changes on forest 

regeneration (Clark and D’Amato, 2019). This study focused on recently harvested 

areas that are now forest gaps (Figure 2-14). Within forest gaps, seedling germination 

and survival was measured with experimental treatments controlling precipitation. 

Replicated precipitation manipulation experiments were installed for a series of 

monitoring plots. Experimental treatments manipulated water input to simulate 

historic precipitation conditions in some plots and scenarios of future precipitation in 

others. The precipitation manipulations included total precipitation as well as different 
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combinations of rainfall frequency and heavy precipitation events, creating extreme 

short- and long-term drying and wetting conditions.  

This study showed that seedling survival was controlled by precipitation treatment, 

functional traits (e.g., seed mass), and planting microsite. While the role of climate in 

seedling survival has been well described in scientific literature (e.g., Fisichelli et al., 

2014), this study showed that the survival response to precipitation was largely 

controlled by species-specific functional attributes. For instance, species with smaller-

massed seeds (i.e., birches, pines, maples, and hemlock) were significantly affected by 

differences in precipitation treatments, but larger massed species (i.e., oaks, hickories, 

beech, and chestnut) were unaffected.  

These findings suggest that heavy precipitation events will not be enough to offset 

moisture deficits during prolonged dry periods in the future when it comes to seedling 

germination and survival. Future forest regeneration will favor species adapted to 

extended drying. Precipitation played an important role in seedling survival, but this 

study also showed that seedbed microsite conditions (e.g., mixed scarified > 

unmodified forest soils) were over twice as important in determining seedling survival 

than the precipitation regimes in the study. The implications of this work suggest that 

interacting effects of climate, species functional traits, and microsite conditions via 

disturbance or management will influence many aspects of the regeneration of future 

northeastern forests. 
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2.5 management and mitigation 

Vermont’s forests are an important economic and ecological resource: the forest products 

industry generates approximately $1.4 billion in revenue and supports 10,500 jobs annually 

(Vermont Sustainable Jobs Fund, 2017). Forest management in Vermont creates jobs, 

provides essential local wood and non-wood forest products, and protects forest health. 

Vermont’s forests currently store approximately 1,730 million metric tons of carbon dioxide 

equivalent (MMt CO2e). Since 1990, Vermont’s forests have removed or sequestered 

approximately 5.5 MMt CO2e per year from the atmosphere (Kosiba, 2021a). 

Forest management occurs along a spectrum ranging from intensive harvesting activities to 

passive management and not harvesting trees. Decisions along this spectrum seek to meet 

goals of biodiversity, carbon sequestration and storage, periodic income, timber and non-

 

Figure 2-14: Experimental plots (elevated wooden rectangles) within a forest gap with 
controlled precipitation (exclusion, watering) used in the forest regeneration precipitation 
manipulation experiment at the University of Vermont Jericho Research Forest. Photo: Peter 
Clark 
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timber forest product output, recreation, aesthetics, forest health, and global change 

adaptation. Generally, any management decision requires calculating tradeoffs between the 

above objectives. Passive management does not necessarily mean that a forest will remain 

undisturbed in the long term, but it does mean that the next disturbance is less likely to be 

directly caused by humans (see Disturbance section).  

Climate change poses a threat to forest management operations, as shorter, warmer winters 

make it harder to carry out management activities typically conducted when the ground is 

frozen. These new challenges have cascading negative effects on rural economies and 

management actions that would benefit forest climate change adaptation, response to forest 

disturbances, wildlife habitat, and forest productivity.  

Globally, forest management with a primary or solitary goal of carbon storage or sequestration 

is becoming popular as a climate mitigation solution, but management for a singular goal may 

have detrimental effects on forest economies, biodiversity, and forest health at the expense of 

other forest processes and ecosystem services. For example, a forest that is managed 

passively may have higher carbon stocks (i.e., carbon in aboveground biomass) than a recently 

harvested forest, but it could be sequestering carbon at a lower rate (i.e., lower NPP) and due 

to past human activity, lack the structural and functional complexity that provides it resistance 

or resilience to climate change (e.g., Bradford and D’Amato, 2012). Further, owning land costs 

money (e.g., landowners must pay taxes, maintenance of access to the land), and periodic 

timber harvests provide income to pay these expenses, incentivizing landowners to keep 

forests as forests. Wilderness conservation easements or payments for carbon storage (see 

Mitigation section) often do not provide the same sort of periodic long-term income (Graves et 

al., 2020). 

2.5.1 Impacts on Length of Logging Season 
The logging industry in Vermont historically has been dependent on operations that take place 

in the winter on frozen ground or on snowpack atop frozen ground, as loggers work to 

minimize soil erosion and potential damage to tree root systems at sensitive sites. Warmer 
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nighttime temperatures in December and January (see Climate Change in Vermont chapter) 

mean that the ground is not freezing fully as early as it used to, and it is thawing earlier in the 

spring, shortening the logging season, (Figure 2-15; Contosta et al., 2019). Vermont’s freeze-

free period has increased by three weeks since 1960 (see Climate Change in Vermont chapter). 

Further, snow often falls before the ground is fully frozen, insulating the ground from frost and 

potentially leading to winters where the ground never fully freezes (Rittenhouse and Rissman, 

2015). These conditions reduce the number of operable days for logging contractors.  

Dry summer months offer the second major logging season in the state. However, increased 

rainfall in June and August, often falling in the form of heavy precipitation events (greater than 

one inch), saturates the soils with water. This limits loggers’ ability to operate during these 

months without causing significant ecological damage or physical damage to infrastructure 

and machinery.  

Poor logging conditions also lead to a need for longer contracts; rather than finishing jobs in 

six months to one year, contracts often need to last two full years to ensure enough operable 

days. This can disincentivize landowners to take on active management activities and mean 

that logging contractors must spread their operations across many sites based on weather 

and market conditions. 

2.5.2 Impacts on Logging Occupation 
One way that logging contractors improve their ability to operate in poor conditions is to 

expand or alter their equipment inventory. It often becomes necessary for contractors to own a 

bulldozer or excavator to protect sites, adding to costs when there is already a low profit 

margin (Kuloglu et al., 2019). Different logging equipment choices are needed for different 

sites and conditions, so operators are forced to make tough decisions about what might serve 

them best in the future. Sustained or higher costs combined with fewer days available to work 

means that fewer logging contractors can maintain their businesses. Between 2002 and 2016 

there was a 36% decrease in jobs in the forest products industry and 11% decrease in forest 

products businesses (Vermont Sustainable Jobs Fund, 2017). These changes are not solely 
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climate driven, as the 2008 recession played a large role, but highlight a trend that is and will 

be exacerbated by climate change. 

 

 

Figure 2-15: Changes in length of winter logging season in the northeastern United States from the 
1980s to the 2010s (Bick et al., 20190 

2.5.3 Impacts and Adaptation of Sawmills 
As climate change limits timber harvest, it also threatens the ability of sawmills to procure 

enough wood of sufficient quality in a timely and consistent manner to remain solvent. 

Reduced operation time for logging contractors and low capacity for timber harvesting mean 

that sawmills may struggle to bring in enough wood to keep their operational rate consistent. 

Historically, sawmills were able to stockpile logs through the winter season, leaving them with 

enough wood to saw during other seasons (Bick et al., 2019). A shorter winter harvest season 

means a need to store more logs whenever they can be cut, which may be restricted by lack of 

storage space and the fact that cut logs have a limited period of viability before they must be 

sawn.  

Sawmills may also be restricted by the costs and carbon emissions associated with transport 

of logs, lumber, pulp, and sawdust. Exacerbating these limitations, forest products are often 

moved outside of Vermont, and poor road conditions, such as those caused by icy conditions 
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or winter thaws, further increase costs. Even though regional mills are not vertically integrated 

(generally, they do not own the land that is the source of their logs), they may need to work on 

investing in on-the-ground operations by supporting suppliers. Sawmill support of logging 

operations may take the form of funding and lending portable skidder bridges, maintaining 

flexibility in wood delivery timing, providing support for equipment upgrades, preferentially 

purchasing wood from operators with equipment that has a lighter touch on the land, and 

providing financial support for site maintenance activities such as adding gravel and grading 

roads. 

2.5.4 Impacts on Wood Markets 
Wood prices, including lumber, are influenced by harvesting conditions, mill operations, and 

markets. In Vermont, sugar maple and red oak tend to fetch the highest stumpage prices (price 

paid for standing timber; Figure 2-16). Prices can be volatile, and markets may change 

suddenly, as evidenced by across-the-board price reductions in 2020 at the start of the COVID-

19 pandemic. Demand for wood drives the price that a sawmill can charge for lumber, but site 

accessibility, sawmill capacity, and weather conditions influence how much a landowner can 

expect to be paid for their standing timber. This disconnect makes it hard to predict how future 

prices for both standing timber and processed lumber might change, though limits to site 

access are likely to reduce the dollar value paid to a landowner. Species like sugar maple and 

ash tend to grow in sites that are richer and moister and more sensitive to marginal operating 

conditions, while oak trees often dominate on dry sites. Oaks are at the northern edge of their 

range in Vermont and are more commonly harvested in the southern part of the state.  

Sale of low-grade wood products for pulp, firewood, pellets, and biomass provides source 

material for essential wood outputs for home heating and paper production and subsidizes 

forest management operations that improve forest health and timber quality. Price and 

demand of these low-grade products are dependent on mill capacity, and the closure of a large 

pulp mill in Maine in 2020 is expected to limit the market for these materials. 
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Wood prices are variable even absent climate change. Individual tree species fall in and out of 

popular favor, housing markets fluctuate, and markets for low-grade products change based 

on fossil fuel prices and policy change (e.g., timber price drop after 2008 recession, price 

increase under 2017 export tariffs; Figure 2-17). Wood markets in Vermont do not operate in a 

vacuum; logs are exported, and wood products are imported. A more detailed prediction of 

future market changes would be a fool’s errand; however, a portfolio approach of managing for 

healthy trees regardless of species presents a way to buffer against changes in an unknown 

future. 

 

Figure 2-16: Stumpage price (price paid for standing timber) for common sawtimber species across 
Vermont 

Notes: The values represented here are intended to be indicators of relative stumpage value and used for guidance 
only, as many are based off one or two sales. They are not statistically valid and meant to only represent general 
trends. North = Caledonia, Essex, Franklin, Grand Isle, Lamoille, Orleans; Central = Addison, Chittenden, Orange, 
Washington; South = Bennington, Rutland, Windham, Windsor, Source: VT FPR  
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Figure 2-17: Price trends for low-grade wood products across Vermont. Source: VT FPR 

Notes: The values represented here are intended to be indicators of relative stumpage value and used for guidance 
only, as many are based off one or two sales. They are not statistically valid and meant to only represent general 
trends. North = Caledonia, Essex, Franklin, Grand Isle, Lamoille, Orleans; Central = Addison, Chittenden, Orange, 
Washington; South = Bennington, Rutland, Windham, Windsor Source: VT FPR. 

 

2.5.5 Infrastructure Costs 
As precipitation and winter temperatures increase, road improvements are often needed for 

operators to move wood on harvest sites and along roads to mills. On harvest sites, this 

means more time and resources spent on road construction, increased need for gravel to 

stabilize roads, and more robust structures to manage water flow. On paved roads where 

heavy log trucks travel to mills, water flow structures are likely to need improvement to handle 

increased run-off and avoid damages to roads.  

The United States Forest Service has adopted stream-simulation design, or drainage 

structures that retain the natural stream bottom rather than round culverts, as the preferred 

approach in their forest road systems. In the Green Mountain National Forest, Vermont 

identified culverts that were replaced with stream-simulation design before Tropical Storm 

Irene occurred (Gillespie et al., 2014) The difference in cost between using the prior design and 

the stream-simulation design varied from 9 to 22%. Even more noteworthy is the difference 

between the cost of the alternative design (Table 2-4a) and flood damages to culverts like the 
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prior designs that were not replaced before the storm (Table 2-4b): despite higher initial costs 

to install stream-simulation design drainage, the preferred design avoids a much higher road 

repair cost after an extreme precipitation event.  

Table 2-4: Culvert costs on Green Mountain National Forest (a and b) (Gillespie et al., 2014) 
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Box 4.4: Testing Adaptation Methods for Forest 
Management Operations 
Climate change is expected to limit operability for carrying out forest management 

activities. Concerns revolve around longer mud seasons in the spring and fall and 

warmer winters with less frozen ground and snow cover that may not safely freeze 

roads and stream crossings, thereby limiting erosion. A joint project between Atlas 

Timberlands and Vermont Land Trust (Climate Change Response Framework, 2020) 

tested options to keep operating logging equipment in the midst of climate change by 

focusing more on preventing problems than fixing them. (Note: This land has since 

changed hands and the project has ended).  

Option 1: Changing equipment. A shift from skidding wood to cut-to-length systems 

limits impact to the ground and provides incentive to retain slash in the woods. The 

downside is the expense to change equipment; this change requires a cut-to-length 

harvester and forwarder.  

Option 2: Cut in summer and minimize impacts via improved bridges and other road 

construction. A greater investment in road construction and portable skidder bridges 

makes summer logging more feasible (and summer drought could help this), but extra 

costs are incurred.  

Option 3: Pre-manage roads. Construction of smaller water bars (earthen drainage 

structures that direct water off roads to prevent erosion) before close-out (as opposed 

to waiting until close-out to install full water bars) and brushing in roads before they 

get muddy are both ways to protect roads and increase the number of workdays 

possible at minimal cost. 

Outcomes: This case study illustrates that it is cheaper and easier to log during a cold 

winter (Table 2-5), though, unfortunately, this is becoming less possible. Logging in 
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other seasons is feasible but may take a greater financial investment. The options 

discussed in this section can increase operability but have limitations, including on 

private land, where closed logging roads are often used for footpaths, stacked brush 

on roads and water bars diminish landowner use of the roads and post-harvest 

satisfaction. Changing equipment requires education, financial investment, and buy-in 

by loggers that these changes will ultimately benefit their businesses. Options that 

will help logging contractors adapt include nimbleness (i.e., ability to move between 

jobs based on site conditions) and purchase of site management equipment (i.e., 

bulldozers or excavators), both of which come with increased costs. Cost-sharing of 

equipment and resources like portable bridges may help reduce the cost of these 

activities. 

For forester managers, adaptation options will include a) writing logging contracts to 

span a longer time to ensure enough time with good operating conditions and b) 

separating road-building contracts from timber contracts to ensure that road 

upgrades can be carried out. Determining the best adaptation methods will require 

cooperation between foresters and logging contractors, as they are on the ground 

managing site conditions. Adaptation actions by logging contractors will need to be 

incentivized and supported so that these contractors can adapt their practices to new 

conditions. 

Table 2-5: Estimated costs of shifting from winter to summer harvesting on Atlas Timberlands 
Operational Adaptation Project 
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2.6 forest management challenges and opportunities 

2.6.1 Ability to Carry Out Silvicultural Operations 
Management for wood products, non-timber forest products, wildlife habitat, recreation, and 

climate mitigation are all dependent on the ability to carry out silviculture, or the planning of 

goal-based forest management activities around the ecology of the forest and the species that 

occupy it. Limits to operability in forests may lead to struggles to reach silvicultural goals. For 

example, sugar maple, a dominant and desired tree in Vermont, regenerates best through leaf 

litter on the forest floor. Harvesting in snowy conditions leaves the forest floor undisturbed, 

but as winter harvest becomes more difficult and less common, more ground scarification can 

occur during harvest, benefitting the regeneration of other species. Beech trees, already 

impacted by beech bark disease (see disturbance subsection; Cale et al., 2015) will 

aggressively root sprout with ground disturbance, and forests containing high amounts of 

diseased beech are often intentionally managed in the winter. The loss of winter logging may 

have cascading effects on forests, increasing beech sprouting, which will ultimately limit the 

regeneration of other desired tree species such as sugar maple. 

More generally, stressors related to climate change and globalization (e.g., spread of 

invasives) will require forest management action to aid with ecosystem adaptation. Economic 

impacts that reduce operator availability, close mills, discourage forest products as a career 

path, or constrain forest management limit the ability for foresters, who are trained and able to 

manage forests for adaptation, to carry out management actions that can benefit the forests 

and rural communities and provide local wood to Vermonters. Wood product consumption 

tends to remain fairly consistent, so if not sourced locally then wood is being harvested 

elsewhere, potentially in a location with fewer environmental regulations, greater costs, and 

increased carbon emissions from longer transportation routes (Berlik et al., 2002). 
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2.6.2 Active Management vs. Passive Management 
As climate change mitigation becomes more of a policy priority, the value of forests as a 

natural carbon sink is increasingly recognized. This has led to a flurry of recent research 

seeking to understand how much carbon is stored by forests and which forest types, forest 

ages, and management approaches are best for climate mitigation. The science of forest 

carbon is in a state of flux, as new measurements and methods arise to understand carbon 

dynamics and climate mitigation potential. Passive management, or the decision to not carry 

out management activities in a forest, has been put forth as the way to maximize forest 

carbon storage, though not necessarily sequestration (Luyssaert et al., 2008), but recent 

research indicates that old or passively managed forests may not be storing as much carbon 

as previously suspected (Gundersen et al., 2021). Additionally, good, active forest 

management can lead to large healthy trees that, when harvested, convert to carbon storage in 

durable wood products; this can be a long-term (100-year) solution for keeping carbon out of 

the atmosphere while still realizing a broad suite of services from the forest (Dugan et al., 

2021). Prioritizing the mitigation value of forests by choosing a passive management 

approach has both positive and negative effects; no one management solution is best for all 

forests. Funding for carbon credits (see below) can support conservation of forest land, 

insurance from land use change, and good business practices. High levels of carbon 

sequestration in forests can offset the carbon emitted by fossil fuel use, but this process can 

be only one part of climate mitigation and must go hand in hand with reduction of CO2 

emissions. Depending on the scale employed, passive management with the sole emphasis of 

maximizing carbon storage creates the potential to minimize other ecosystem goods and 

services provided by forests, such as wildlife habitat, wood products, non-timber forest 

products, water filtration, and recreation. 

One point of confusion is the differences between carbon sequestration and carbon storage. 

Sequestration describes the amount of carbon that is actively being removed from the 

atmosphere, while storage is the amount of carbon that is being held in trees and forest soils. 

Sequestration and storage have different relationships with stages of forest development: 

while older forests store more carbon, younger forests tend to sequester more carbon (Figure 
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2-18). While some research indicates that old forests store a significant volume of carbon, 

forests are dynamic systems, and old forests do not remain in a steady state. As a result of 

past land use, Vermont’s forests are predominantly in the eighty to hundred-year age class 

(see Structure and Composition subsection). This uniformity in age class means that a greater 

portion of the forests are vulnerable to similar types of disturbances, threatening their ability 

to store carbon and opening the possibility that vast portions of the forest could revert to a 

younger state simultaneously, upsetting the current carbon dynamics of Vermont’s forests.  
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Figure 2-18: Rates of carbon sequestration and storage throughout forest stand development 
(Catanzaro and D’Amato, 2019) 
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2.6.3 Land Use Change 
Written by Jamey Fidel, General Counsel, Forest and Wildlife Program Director, Vermont Natural 

Resources Council. 

Vermont is the fourth most heavily forested state in the country, and while approximately 74% 

of the state is covered by forests, forests are declining in extent on an annual basis (USDA 

Forest Service, 2020). While it is extremely hard to pinpoint the exact amount of forest loss, 

according to the Forest Service, approximately 14,207 acres of forest land are being converted 

to non-forest every year (USDA Forest Service, 2020) After factoring in land that may revert to 

forest, at this rate a net of over 300,000 acres of forestland may be converted to non-forest by 

2050 (USDA Forest Service, 2019). 

As forests become more compromised by development and urbanization, their ability to 

remain healthy and provide ecosystem services, such as sequestering and storing carbon, will 

be diminished. For example, a Forest Carbon Assessment documented that the total annual 

uptake of carbon was less in 2015 (the end of the period of analysis) than in previous decades, 

in part due to declining acres of forest land (Schultz et al., 2017). A more recent forest carbon 

inventory confirmed that land use change has resulted in net emissions in Vermont, which is 

concerning because forest land that is converted not only emits stored carbon, but it also 

reduces future forest carbon sequestration (Kosiba, 2021a).  

As large undeveloped forests are broken into smaller and smaller parcels from subdivision, 

forest management becomes more challenging, and the relationships between parcel size and 

forest owner behaviors have important implications for timber supply, resiliency, restoration, 

and keeping forests as forests (Butler et al., 2021). Data gleaned from the Grand List in 

Vermont highlights that undeveloped woodland as a land category decreased significantly 

from 2004 to 2016, while residential acreage increased by almost 162,670 acres (Fidel et al., 

2018). During the same period, the amount of land in parcels 50 acres or larger declined by 

about 110,300 acres, while the number of parcels under 50 acres in size with new houses 

increased by 20,747 parcels (Fidel et al., 2018). This highlights an increasing trend in Vermont: 

undeveloped forest land is being converted to residential development with houses and 
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associated infrastructure, and smaller parcels are being created through the fragmentation 

and parcelization of forestland from subdivision and development. Left unaddressed, these 

trends will limit the ability of forests to remain resilient and provide vital services to mitigate 

the impacts of climate change.   

2.6.4 Carbon Markets 
Vermont’s Department of Forests, Parks, and Recreation has created comprehensive reports 

explaining forest carbon, the carbon market, and its status and relevance in Vermont (Kosiba, 

2021b). Here, carbon offsets as a forest management opportunity for Vermont’s landowners 

are summarized. 

Forest carbon offsets aim to reduce global CO2 emissions by taking advantage of forests’ 

ability to sequester and store carbon. Carbon offsets put a market value on sequestration or 

storage to make up for emissions of CO2 in cases where CO2 reduction is impossible or 

undesirable. Carbon offsets allow companies or individuals to offset their own carbon 

emissions by paying to guarantee that carbon elsewhere is sequestered (actively removed from 

the atmosphere and stored in another form or location) or stored (remaining in another form or 

location, preventing its release back to the atmosphere). The key to effective carbon offsets is 

that the payment is responsible for carbon sequestration or storage that would not have 

happened or continued without it. Because forests are excellent at storing and sequestering 

carbon, they are an opportunity for CO2 emitters to offset their climate impacts. And because 

forests cover much of Vermont, the growing market for carbon offsets is an economic 

opportunity for Vermont’s forest landowners. 

Carbon offsets, also known as carbon credits, are treated as a currency in units of the 

equivalent of 1 metric ton of CO2. A metric ton is about the amount of CO2 emitted by an 

American car driven regularly for two-and-a-half months or the amount of carbon sequestered 

by forty-six mature trees in a year (US EPA, 2015). Carbon offsets are bought and sold on 

carbon markets or registries, of which there are several, each with somewhat different 

restrictions and requirements. Some carbon markets are regulatory, used as a tool to help 
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large emitters in states like California meet state CO2 emission guidelines, while others are 

voluntary, where companies and individuals choose to pay to offset their emissions. Over the 

past several decades, an industry has grown around these carbon markets, so there are now 

organizations and consultants—such as carbon developers and third-party verifiers—engaging 

in every step of the process that facilitate these transactions. 

Forest carbon offset projects fall into one of three categories: 1) afforestation or reforestation 

(tree planting), 2) avoided conversion (blocking the clearing of already-forested land), and 3) 

improved forest management (shifting management practices to allow an existing forest to 

store and/or sequester more carbon than before). Improved forest management is the most 

relevant to Vermont’s forest landowners. Through a variety of management techniques, both 

active and passive, forests are intentionally managed to maintain their carbon storage at or 

above an agreed-upon level. 

Two key components of carbon offset projects are permanence and additionality. Permanence 

means carbon must be continually stored for the duration of the project’s contract, often from 

40 to 100 years, and the carbon stored must remain above and beyond the amount that is 

stored under a “business as usual” scenario, which is typically benchmarked at a baseline 

year. Additionality is the difference between the increased carbon stored in the offset-insured 

forest and the baseline of carbon stored without the offset incentive. Determining baselines 

for forest carbon offset projects can be complicated, and regulations vary among carbon 

markets. Defining the baseline for a carbon offset project depends on a specific property’s 

circumstances, including legal encumbrances (i.e., easements or deed restrictions) and 

harvesting regulations. For example, a forest previously protected by a “Forever Wild” 

conservation easement with no logging allowed may not qualify for a carbon offset project; as 

the forest is already guaranteed to remain unharvested, there is no additionality possible 

through an improved forest management project.  

However, forest carbon offset projects are compatible with existing programs in other ways. 

Protecting a forest with a conservation easement at the same time it enters the carbon market 

can help ensure the permanence of carbon-centric management of the parcel. Forests enrolled 



 
 

Climate Change in Forests   Vermont Climate Assessment, 2021          49 

in Vermont’s popular Use Value Appraisal (or Current Use) program, which provides a tax 

benefit for actively managed forestland, may also enter a carbon offset project, provided the 

requirements of both programs continue to be met.  

Since carbon markets are varied and evolving, contacting a carbon developer is the best way 

for interested landowners to learn about the process and whether it may be right for them. The 

most established carbon registries typically deal with large forest parcels (>2,000 acres), but 

new and emerging companies are extending this opportunity to smaller forest landowners. 

Under the right circumstances, projects that aggregate many small landholdings may be 

appropriate to join the carbon market (see Box 2.5). Small landowners may also benefit from 

emerging practice-based carbon programs such as the Family Forest Carbon Program being 

developed by the American Forest Foundation and The Nature Conservancy. 

 

  Box 2.5: Cold Hollow to Canada 
Forests provide a multitude of ecosystem benefits including wildlife habitat, 

improved water and air quality, and recreational and aesthetic benefits to humans. 

Fragmentation diminishes these benefits. For example, the habitat of some birds that 

nest in interior forests is greatly reduced when these forests are broken up into 

smaller patches with more exposed edges and less interior. Therefore, small, privately 

owned forest parcels pose a challenge to conservation; if one of those parcels is 

developed, the impacts extend to the surrounding forest as well (Baldwin and Fouch, 

2018). Landowner cooperation has other benefits, too: sharing resources, equipment, 

and services such as management planning contribute to more cohesive 

management and lower costs for individual forest owners (Kittredge, 2005). Carbon 

markets are set up to include large forest parcels; programs that work with smaller 

areas are few and still emerging. At this time, managing small, adjacent forest parcels 

as an aggregate is beneficial both to the humans and animals who use these forests 

and to the individual landowners who have more options to enter the carbon market. 
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2.7 forest adaptation and management 

Forest adaptation describes the capacity to respond to new or novel conditions. Uncertainty is 

a recurring theme when it comes to forest adaptation to climate change. Over very long 

historic time scales (thousands of years or more) forests responded to changing climate 

conditions and persisted, but climate changes now are happening on the scale of decades, so 

there is concern that forests may not be able to adapt at that pace. In response, forestry has 

adopted adaptive management, which includes changing forest management approaches in 

response to changing local conditions and is driven by research and practitioner action. 

Forest adaptation and management can be understood within a matrix of change and 

response, with approaches laid out along a continuum (Figure 2-19; Millar et al., 2007). In 

forest adaptation and management, there is not one simple solution; rather, site-specific 

decisions are made based on local conditions and dynamics, management objectives, and 

Beginning in 2018, the Vermont Land Trust and Cold Hollow to Canada coordinated 

the aggregation and sale of carbon offsets for the forests of ten private landowners. 

This cooperative project is the first of its kind in the United States. Individual 

landowners with properties too small to be lucrative on the existing carbon market 

worked together with partner organizations to sell carbon offsets as a group for their 

forested land totaling over 7,500 acres (Hancock, 2020). Although historically, only 

large forest parcels of thousands of acres were economically viable in the carbon 

market, the Cold Hollow to Canada project represents a way forward for smaller 

landowners in Vermont and beyond. By banding together, the connected forests are 

protected as a unit for at least forty years. And by managing for carbon storage, many 

other ecosystem benefits result; for example, improved water quality and wildlife 

habitat are amplified by the larger footprint of this project’s carbon-rich forests. 
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best available knowledge about future change. Adaptation requires embracing uncertainty and 

figuring out the best options out of those available. In the context of forest adaptation and 

management, a resistant forest remains consistent in structure and function through change, 

whereas a resilient forest accommodates some change but retains the capacity to return to a 

desired reference condition. A transition forest is in the process of adapting to new conditions 

and eventually may look quite different from what is currently on site, though it still performs 

similar ecosystem functions. 

Adaptive capacity of forests is based on forests’ structure, composition, and function; 

adaptive management approaches target these components of forest ecosystems (Table 2-6). 

In many cases adaptive management can be carried out in concert with ecological forestry 

practices, focused on mimicking natural disturbances and processes (D’Amato and Palik, 

2020). Forest adaptation is a recent research focus; while it builds on basic ecological 

concepts, its application is in its early years. Detailed adaptive management approaches are 

available online from the USDA Forest Service Climate Hubs as an adaptation workbook 

(NIACS, 2021).   

 

Figure 2-19: Forest Adaptation Spectrum from Nagel et al., 2017 
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Table 2-6: Examples of adaptive management techniques 

Forest Adaptive Management for Climate Change Adaptation 

Tactic Example Pros Cons 

Structural 
retention 

Retain large old trees, both 
living and dead, during 
timber harvest 

“Lifeboat” for species diversity, 
continuity of forest structures 
and processes, carbon storage in 
larger trees, habitat for cavity 
nesting birds and invertebrates 
that feed on deadwood 

Potential loss of 
revenue, retaining 
large trees can create 
unsafe conditions for 
operators 

Extended 
rotations 

Regenerate forest after 100 
years instead of 80 years 

Carbon storage, multiple age 
classes 

Potential revenue 
loss, older forests 
more vulnerable to 
disturbance 

Increase 
structural 
complexity 

Intentional creation of 
horizontal and vertical 
heterogeneity, tree species, 
size classes, deadwood decay 
classes, spatial arrangements 

Greater habitat diversity, variety 
of disturbance recovery 
pathways 

Costs may be 
limiting, complicated 
operational layout 

Increase 
functional 
redundancy 
and diversity 

Include large canopy gaps, 
retention, and uncut patches 
to increase diversity of 
regeneration niches at a 
stand scale, retain 
uncommon species 

Persistence of rare functional 
traits through novel disturbance 

Executing complex 
harvests take 
forester and operator 
skill 

Increase 
habitat 
connectivity 

Treat large parcels in a 
nonuniform manner, plan 
forest management activities 
at a landscape scale when 
possible 

Multiple habitat types near each 
other and connected 

Complicated 
operational layout, 
requires cooperation 
from multiple 
adjacent landowners 

Assisted 
migration 

Plant species from southern 
New England in gaps created 
by timber harvest 

Forest populated with future 
climate-adapted species 

Efficacy and safety 
(from invasion) not 
yet supported by 
long-term data 
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Box 2.7a: Early Lessons from Adaptation Plantings Aimed 
at Transitioning Species Composition for Climate Change 
in the Northeastern United States 
Written by Peter Clark, University of Vermont 

In 2018, adaptation plantings were installed in harvest gaps in northern hardwood 

and mixed conifer-hardwood forest across sites in Vermont and New Hampshire as 

part of the New England installation of the Adaptive Silviculture for Climate Change 

project (adaptivesilviculture.org). The goal of this experiment was to examine the 

performance of future-climate adapted tree species from a suite of functional traits 

(e.g., seed mass, shade tolerance, growth rates) to better understand the relationship 

between introduced species and contemporary drivers that may control seedling 

growth and survival.  

The future-adapted species (“adaptation plantings”) tested included a) “population 

enrichment” plantings (northern red oak, black cherry, red spruce, white pine, eastern 

hemlock, and bigtooth aspen), which were generally underrepresented onsite but 

have ranges that encompassed research sites (Figure 2-20) and b) “assisted range 

expansion” plantings (black birch (Betula lenta), bitternut hickory (Carya cordiformis), 

and American chestnut (Castanea dentata), which were currently not onsite but 

planted with modest advances outside of current range but within future projected 

habitat range.  

Over three growing seasons, 3,152 out of 5,620 total seedling transplants survived 

(approximately 57%). Seedling growth and survival varied considerably among 

species, with slight inverse relationships (i.e., some species grew faster, while others 

had higher survival rates; Figure 2-21). The major factors influencing seedling 

performance were competition from shrubs and herbaceous plants, species 
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regeneration traits, initial size and health of seedling, and transfer distance from 

species range.  

Sites with strong “ecological memory” in the form of dense natural regeneration were 

more likely to outcompete the new or novel adaptation plantings; however, sites with 

heavy deer browse slowed down natural competition, which inadvertently favored 

many adaption plantings. Moreover, species traits moderated seedling response, 

such as the ability to root-sprout after winter injury or dieback (e.g., hickory and 

chestnut), rapid initial growth to outcompete vegetative competition (e.g., aspen, 

cherry, and pine), energy allocation to roots (e.g., red oak), and inherent deep shade 

tolerance to persist under competition (e.g., spruce and hemlock).  

Population enrichment species performed significantly better than assisted range 

expansion species, which exhibited more maladaptation, further highlighting the 

challenges of assisted migration. Additionally, these adaptation plantings 

experienced extreme climate events, such as a once-in-a-century spring drought 

during planting and late spring frosts in subsequent years that caused negative 

consequences on seedling performance that differed by species and across regional 

sites. Extreme climate events like these are important future climate analogues for 

conditions that managers will contend with as they consider implementation of 

adaptation plantings.  

Forests in the Northeast are projected to experience profound changes in suitable 

tree habitats, highlighting the potential importance of adaptation plantings. Assisted 

migration activities may be necessary to establish future-adapted trees, so the 

strength of local site competition, adaptive traits, assisted migration distance, and 

availability of quality and diverse nursery seedling stock will play important roles in 

determining performance and efficacy of efforts to transition forest composition. 
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Figure 2-20: Three approaches to assisted migration in tree species (Handler et al., 2018) 
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Figure 2-21: Three-year seedling survival (top) and growth (bottom) pooled across 
multiple silvicultural adaptation planting trials in Vermont and New Hampshire 

Notes: Growth is measured as the relative annual growth rate in above ground biomass (grams). Letters 
denote significant differences (α ≤ 0.05) 
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  Box 2.7b Adaptive Silviculture in Response to Emerald Ash 
Borer and Climate Change 
The emerald ash borer (EAB, see Disturbance subsection) will have significant 

impacts on Vermont forests with ash populations. Forest management may either 

exacerbate or mitigate impacts. In conjunction with Dartmouth College, University of 

Vermont researchers are examining adaptive silviculture strategies with the goal to 

help forests with a significant ash component maintain ecosystem function in the 

face of this invasive pest and climate change. The research site in Corinth, Vermont is 

a rich northern hardwood forest dominated by sugar maple with a significant white 

ash component (Figure 2-22). Silviculture treatments were co-produced with input 

from multiple interested parties, including the Cowasuk band of Indigenous Abenaki. 

The silviculture treatments are designed to support a structurally and compositionally 

complex forest characterized by multiple combinations of species composition and 

structure. A forest with this structure will have multiple pathways to recover from 

disturbance, including disturbance created by EAB. In practice, this means creation of 

five age classes through time, achieved by group selection treatments creating gaps 

from one-tenth to one-fourth of an acre in size; intentional creation of downed dead 

wood and cavity trees, achieved by retaining slash on site and leaving uncut large ash 

trees that are likely to die; planting future climate-adapted species not currently 

existing on site (e.g., basswood, northern red oak, bitternut hickory, black cherry, 

bigtooth aspen); and releasing crop trees of basswood, healthy female ash trees, and 

vigorous, resistant specimens of other species. The treatments will also serve to 

increase songbird habitat by increasing diversity in vertical and horizontal forest 

structure, to maintain forest productivity, and to diversify microhabitat conditions to 

enhance abundance of understory vascular plants, including those of cultural 

significance to the Cowasuk band of the Abenaki. 
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2.8 urban forests and climate 

There are an estimated 11.9 million trees in Vermont’s urban and developed areas (Nowak and 

Greenfield, 2008). While these areas make up less than 2% of the state’s land area, nearly 39% 

of the Vermont population (243,000 people) lives in a census-defined urbanized area (U.S. 

Census Bureau, 2012). All trees—whether growing along a street or in a forest—provide critical 

climate and ecosystem benefits, like carbon sequestration, water infiltration, temperature 

moderation, erosion control, and pollution abatement. Because of the high population density 

 

Figure 2-22: The adaptive silviculture in response to EAB and climate change research site in 
Corinth, VT. Photo: Jess Wikle 
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and lower tree cover in urbanized areas, per-tree ecosystem services in urbanized areas can be 

higher than in forest settings. Yet because of the amplifying effects of the built environment 

on temperature and water cycling, along with additional stressors associated with urbanized 

areas like soil compaction, poor soil fertility, and pollution, urban trees are highly vulnerable to 

climate change.  

2.8.1 Urban Forests and Carbon 
Like forest trees, trees growing along roads and in yards, parks, and community forests 

provide important climate mitigation effects by sequestering and storing atmospheric CO2 in 

wood and soil. Unfortunately, there is no standard definition of what constitutes an urban or 

community forest, so it is difficult to compare mitigation estimates from various sources. 

Additionally, estimating tree carbon, especially annual sequestration, is challenging and 

imprecise. It requires modeling a tree’s biomass based on the carbon in a reference set of 

sample trees. These models can be inaccurate for street and yard trees because the growing 

conditions are highly variable compared to forest-grown reference trees (McHale et al., 2009; 

McPherson et al., 2016). Finally, to compute the actual climate mitigation effect of a tree, the 

maintenance inputs should be included (Nowak et al., 2013), and this is often either unknown 

or highly variable. 

Despite these challenges, several sources have estimated the total carbon storage and annual 

sequestration of Vermont’s urban trees. According to these estimates, trees in urbanized areas 

store about 15 MMt CO2e (equivalent to the annual emissions from 3.8 coal fired power plants) 

and sequester 157,000–500,000 Mt CO2e per year (equivalent to 18,000-60,000 U.S. homes’ 

annual energy use) (Domke et al., 2020; EPA, 2021; Nowak et al., 2013; Zheng et al., 2013). On 

a per area basis, some estimates suggest that Vermont’s street trees sequester CO2 at a higher 

annual rate compared to forest trees (Nowak et al., 2013), as urban trees tend to have wider 

tree crowns, experience less competition from other trees, and have a greater leaf area 

compared to forest-grown trees. However, urban trees have significantly shorter lifespans and 

greater maintenance demands, which affect their lifetime carbon storage potential and 

resultant mitigation benefit (Nowak et al., 2013). After accounting for the greenhouse gas 
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emissions from growing, planting, and maintaining urban trees, one study found that an urban 

tree must live a minimum of ten years to provide a net positive mitigation benefit (Nowak et al., 

2013). 

In addition to the direct benefit of sequestering atmospheric CO2, trees in urbanized areas 

provide important indirect climate benefits. All trees moderate temperature fluctuations by 

shading surfaces and transpiring water vapor, but in urban areas this is particularly important 

because of the urban heat island effect (Millward et al., 2014; US EPA, 2014). A tree’s canopy 

provides shade and wind protection for buildings, which reduces energy needs. This results in 

lower greenhouse gas emissions and reduced heating and cooling costs (McPherson and 

Simpson, 1999; US EPA, 2014). Trees also act as green infrastructure, reducing stormwater 

runoff from extreme rainfall events by transpiring water and keeping soil intact with their roots 

(Nowak et al., 2020). 

2.8.2 Specific Climate Change Impacts on Urban Forests 
Trees in urbanized areas experience different and often intensified impacts from climate 

change because of the built environment. Urban areas may experience hotter and drier 

climates than interior forests (Fahey et al., 2013). There are more impervious surfaces that 

cause stormwater runoff (Solecki and Marcotullio, 2013). Under a warmer climate, we may see 

more ice and windstorms, which can damage trees, infrastructure, and property (Dale et al., 

2001; Neumann et al., 2015). Urban trees may be weakened by compounding stresses of heat, 

drought, extreme weather events, and pests and pathogens, which may not only decrease 

vigor and growth, but increase mortality. This, in turn, reduces the ability of urban trees to 

sequester and store carbon (Figure 2-23). A study from Cambridge, Massachusetts found that 

climate-related changes could result in 58% tree mortality (Foran et al., 2015). Current and 

future management responses will influence the vulnerability of urban trees and forests. 
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Figure 2-23: Climate change impacts on urban street trees alter benefits provided by those trees. 
Modified from Livesley et al., 2016 

Invasive pests, pathogens, and plants also pose threats to Vermont’s urban trees and 

community forests. Invasive insect infestations—often targeting specific tree species—

strengthen the case for planting a diverse and resilient urban forest as they may eliminate 

entire swaths of urban-tolerant trees. Climate-related stressors on urban trees—such as 

drought—may increase an individual tree’s susceptibility to infestation or disease (Tubby and 

Webber, 2010) and warmer winter temperatures create conditions for some tree pests and 

diseases to thrive. Competition from invasive plants—less of a concern for street tree 

populations but certainly relevant to forested parks—impedes natural regeneration of native 

forest species and has reverberating impacts on natural communities, wildlife, and the local 

economies that depend on these wooded landscapes for tourism and recreation (Milanović et 

al., 2020). 

There are numerous examples of the impacts of invasive insects and disease on urban trees. 

Many of Vermont’s downtowns experienced widespread loss of American elm (Ulmus 

americana) in the mid-twentieth century due to Dutch elm disease (Ophiostoma spp.). Now 

many of these same communities are preparing for the loss of ash trees—particularly planted 
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green ash (Fraxinus pennsylvanica)—from streets and parks due to the invasive emerald ash 

borer, which was first detected in Vermont in 2018. According to the Vermont Urban & 

Community Forestry Program’s (VT UCF) inventory of public urban trees (>24,000 trees across 

thirty municipalities), approximately one out of every six Vermont downtown and 

neighborhood trees is an ash. Additionally, municipal staff and volunteers in more than forty 

towns and cities have recorded over 45,000 ash trees along rural roadsides using VT UCF’s 

Rural Roadside Ash Inventory Tool (VT UCF, 2021a). 

Together, these stressors add complexity to the already daunting task of selecting and 

sourcing urban-tolerant tree species for planting and of moving the needle towards diverse 

species composition in urban areas. Only four Vermont municipalities have an arborist on 

staff. This means that in most communities, tree planting and maintenance efforts are led by 

citizen volunteers or are contracted to outside organizations. Vermont’s limited number of tree 

nurseries are challenged with selecting and propagating species that will be successful in an 

uncertain future. Until recently, there has been little attention to genotypes (genetic 

adaptation) when breeding trees for planting. Even within a species there is significant 

variability in physiological response to climate and site factors, such that seed source is an 

important consideration under a changing climate. Resources to aid these decision-makers is 

increasingly important to steward long-lived tree species that can provide sustained benefits 

for urban populations. The US Forest Service’s Climate Change Tree Atlas is an example of one 

such resource that supports strategic selection of tree species that have high adaptive 

capacity in the face of climate change (Peters et al., 2020). 

2.8.3 Adapting Urban Forests 
Worldwide, many cities, regions, and even countries are assessing existing canopy cover using 

advanced spatial analysis tools (e.g., aerial imagery, satellite imagery, LiDAR) and establishing 

ambitious urban tree canopy (UTC) cover goals as part of climate action plans. In Vermont, the 

University of Vermont’s Spatial Analysis Lab continues to build its database of remote imagery 

and pioneers UTC work at a national level. The VT UCF program has funded UTC assessments 

in Montpelier, St. Albans City, Rutland City, and South Burlington, and two UTC assessments 
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for the City of Burlington to assess change over time (VT UCF, 2021b). In concert with UTC 

goals is the recent proliferation of million and even trillion tree-planting initiatives. This 

collective recognition of the power and importance of urban forestry is encouraging, but they 

are only worth engaging in if they are done well. Investment in the proper care of urban and 

community forest trees is vital. Large, long-lived species that have been maintained for 

structural integrity will provide the most benefits over time (Nowak et al., 2002). 

As Vermont urban and community forestry managers consider the role that trees will play in 

strengthening communities’ resilience to climate change, they must also plan to adapt to 

climate change. Fortunately, there are resources—many online and free—to support climate 

change resilience and adaptation efforts. The US Forest Service’s Vibrant Cities Lab and 

Climate Change Resource Center and the Northern Institute of Applied Climate Science’s 

Urban Forestry Climate Change Response Framework support climate change-informed urban 

forestry planning (NIACS, 2021; USDA Forest Service, 2021) The i-Tree suite of tools quantifies 

the values provided by trees and aids in planning at multiple scales (i-Tree, 2021) New 

resources like American Forests’ Tree Equity Score Tool and the US Forest’s Urban Forest 

Inventory and Analysis (FIA) program support data-driven strategic tree-planting plans so that 

all people have access to the vast benefits that tree canopy provides (American Forests, 2021; 

USDA Forest Service, 2021). Organizations such as City Forest Credits are even engaging in 

efforts to legitimately fund urban forestry through carbon offsets.  

While urban and developed areas cover smaller areas of Vermont than other states in New 

England, future expansion of developed areas is likely. These expansions could result in 

conversion of forests and other natural and working lands to developed lands, reducing tree 

cover and forest regeneration while increasing impervious surfaces. Land use planning with a 

climate adaptation lens that includes healthy trees and forests will be critical to ensuring 

resilience to climate change. 
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Box 2.7: Spotlight on Vermont Urban and Community 
Forestry Program 
The Vermont Urban & Community Forestry Program (VT UCF) was established in 1991 

as a collaborative effort between the Vermont Department of Forests, Parks, and 

Recreation and University of Vermont Extension. The program provides technical, 

financial, and educational assistance to roughly 100 municipalities each year to 

support the management and stewardship of these forest resources (Figure 2-24).   

Since 2017, the program has given 1,250 free containerized trees to 645 households 

in seven priority municipalities through a partnership with the Arbor Day Foundation’s 

Community Canopy Program (formerly known as Energy-Saving Trees). The Vermont 

Department of Health’s Climate and Health Program has contributed as a funding 

partner for multiple years, forging a cross-agency collaboration that recognizes the 

links between tree canopy cover, public health, and the climate-related services trees 

provide. 

Research from the Climate and Health Program has informed partner selection for VT 

UCF’s Vermont Community Canopy Program with the goal to provide free trees to 

communities that are most vulnerable to heat-related illness. The Vermont Heat 

Vulnerability Index draws together seventeen different measures of vulnerability in six 

different themes: population, socioeconomic, health, environmental, climate, and heat 

illness.  The municipalities engaged in the program in its first four years are Barre City, 

Bennington, Bradford, Brattleboro, Newport City, Rutland City, and St. Albans City.    

Residents select up to two free trees and use the Arbor Day Foundation’s software 

interface to identify the ideal tree planting locations on their property to maximize the 

air, water, energy, and carbon benefits of their tree(s). VT UCF coordinates community 

tree pick-up events and provides guidance on proper tree planting and care to the 

participants. The Arbor Day Foundation provides an impact report (see graphic below) 
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2.9 traceable accounts 

Traceable accounts describe the categories of confidence level and the confidence level for 

each key message. These follow the U.S. Global Change Research Program guidance in the 

Fourth National Climate Assessment (USGCRP, 2018). 

 

 

 

to communicate quantified benefits of the program over time. VT UCF intends to 

continue to offer this program to targeted municipalities annually.   

 

Figure 2-24: Impacts of the Vermont Urban and Community Forestry Program 
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Confidence 
level 

Very high High Medium Low 

Description Strong evidence 
(established theory, 
multiple sources, 
confident results, 
well-documented 
and accepted 
methods, etc.), high 
consensus 

Moderate evidence 
(several courses, 
some consistency, 
methods vary, and/or 
documentation 
limited, etc.), medium 
consensus 

Suggestive 
evidence (a few 
sources, limited 
consistency, 
models incomplete, 
methods emerging, 
etc.), competing 
schools of thought 

Inconclusive evidence 
(limited sources, 
extrapolations, 
inconsistent findings, 
poor documentation 
and/or methods not 
tested, etc.), 
disagreement or lack of 
opinions among experts 

 
 

Key message 1: Climate change is expected to shift growing conditions for forests in Vermont, becoming more 
favorable for southern-adapted tree species and less favorable for cold-adapted tree species. Species that will 
benefit from this change include northern red oak, shagbark hickory, and black cherry. Species including sugar 
maple, balsam fir, yellow birch, and black ash will be negatively impacted. While growing conditions will be 
significantly different by 2100, actual change in forest makeup will follow, as older trees die and are replaced by 
young ones. 

Confidence level High 

Major 
uncertainties 

Modeling the future is inherently uncertain. While models agree on the general trend that 
Vermont’s forests will become increasingly suitable for southern-adapted tree species, the 
particulars of how this shift will play out are uncertain. 

Evidence base References: Iverson et al., 2008, 2019; Nevins et al., 2021; Peters et al., 2020 

 
 

Key message 2: Forest productivity, or the accrual of plant biomass, is expected to increase in Vermont in the 
short term, but productivity will be highly variable between species and will likely decrease overall. Factors 
impacting productivity positively include longer growing season length and CO2 fertilization. Factors impacting 
productivity negatively include high summer temperatures, short-term drought, nutrient loss from soils, and 
atmospheric deposition. Productivity is an important indicator of forest health and carbon sequestration and 
storage. 

Confidence 
level 

Medium 

Major 
uncertainties 

Modeling suggests that productivity will increase under climate change, but modeling is 
inherently uncertain. It is more likely that the factors decreasing productivity will increase with 
climate change and outweigh the benefits provided by the lengthened growing season and 
elevated CO2 levels. 

References Campbell et al., 2009; Contosta et al., 2017; Duveneck et al., 2016; Norby et al., 2010; Ollinger 
et al., 2008; Pardo et al., 2011 
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Key message 3: Climate change is expected to continue worsening threats from invasive plants, insects, and 
diseases to the health of Vermont’s forests. These threats are compounded by other climate-related factors, 
such as worsening storms and increasingly irregular precipitation.  

Confidence 
level 

High 

Major 
uncertainties 

Newly introduced forest pests or pathogens are likely, and their interactions with climate are 
unknown. Severity of biotic disturbances rely on multiple factors including temperature, 
precipitation, land use/human intervention, and the specific interactions with each species. 

References Dobson and Blossey, 2015; Lovett et al., 2016; McAvoy et al., 2017; Seidl et al., 2014; Slippers 
et al., 2011; Stephanson and Coe, 2017 

 
 

Key message 4: Warmer winters and wetter summers brought on by climate change are already limiting active 
forest management by shortening the time frames that forest operations can take place on the ground. Ground 
conditions for forest management are projected to worsen, potentially leading to cascading negative effects on 
rural economies, forest product markets, and management for forest health and climate adaptation. 

Confidence level High 

Major 
uncertainties 

Locally specific climate effects will be quite variable, so it is hard to project site-level forest 
management effects. Rural economies and forest products markets may show resiliency in 
their responses to diminished forest product availability. 

References Bick et al., 2019; Contosta et al., 2019 

 
 

Key message 5: Land use change and parcelization, specifically conversion to residential or commercial use, are 
a major threat to forest health and productivity, release stored carbon, and potentially limit both ecosystem 
function and ability of forests to mitigate climate change through carbon uptake.  

Confidence level Very high 

Major uncertainties Predicting future human migration patterns has inherent uncertainty. The science of 
carbon storage is continually evolving. 

References Fidel et al., 2018; Schultz et al., 2017; USDA Forest Service, 2020 
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Key message 6: Increasing forest adaptive capacity through forest management can help forests retain 
ecosystem function during a changing climate. Although forest adaptation is a new and evolving field, current 
methods to achieve increased adaptive capacity include increasing forest structural complexity and enhancing 
compositional and functional diversity and redundancy. 

Confidence level High 

Major uncertainties Forest adaptive capacity and adaptive silviculture can increase forest resilience, but 
research outputs indicating specific impacts are limited, as this is a relatively new field. 

References Messier et al., 2019; Millar et al., 2007; Nagel et al., 2017 

 
 

Key message 7: Climate change impacts will be more severe for urban trees. Urban trees are highly vulnerable to 
climate change because of the effects of the built environment on temperature and water cycling, and additional 
stressors associated with urbanized areas like soil compaction, soil fertility, and pollution. 

Confidence level High 

Major uncertainties None 

References Fahey et al., 2013; Foran et al., 2015; Solecki and Marcotullio, 2013; Tubby and 
Webber, 2010 

 
 

Key message 8: The importance of Vermont’s urban trees under a changing climate will be increasingly 
important to humans because of the services they provide. Because of the high population density and lower tree 
cover in urbanized areas, per-tree ecosystem services can be higher than in a forest setting. In addition to critical 
climate and ecosystem benefits, urban trees mitigate the urban heat island effect through cooling and shading 
and reduce stormwater runoff along impervious surfaces from extreme rainfall events.   

Confidence level High 

Major uncertainties None 

References Millward et al., 2014; Nowak et al., 2020, 2013; US EPA, 2014 
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2.11 resources 

• As a subset of the references listed below, the following resources are likely to be 

useful for readers interested in practical information and more detail about the topics 

discussed. 

• Climate Change Tree Atlas (https://www.fs.fed.us/nrs/atlas/tree/ provides further 

information about predicted suitable habitat shifts and adaptability for individual tree 

species. 

• VTInvasives.org (https://www.vtinvasives.org) contains a plethora of helpful guides to 

the invasive species affecting Vermont’s forests. 

• Ten Recommendations for Managing Ash in the Face of Emerald Ash Borer and 

Climate Change (https://forestadaptation.org/sites/default/files/Ten-

Recommendations-for-Managing-Ash.pdf) provides practical management 

recommendations for ash. 

• Forest Carbon Markets for Vermont Landowners 

(https://fpr.vermont.gov/sites/fpr/files/Forest_and_Forestry/Climate_Change/Files/Fo

restCarbonOffsetsForVermontLandowners_Mar2021.pdf) is an in-depth resource 

detailing the process of a carbon offset project and specific recommendations for 

landowners to pursue. 
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• Climate Change Response Framework (https://forestadaptation.org/) describes 

resources on forest adaptation and access to the forest adaptation workbook. 

• Adaptive Silviculture for Climate Change (https://www.adaptivesilviculture.org) 

provides operational examples of adaptive silviculture in action. 

• Forest Impacts of Climate Change: Monitoring Indicators 

(https://www.uvm.edu/femc/climate_indicators/) includes climate-change indicators 

for Vermont, New York and greater New England across categories like aquatic 

systems, forest systems, trees and wildlife. 
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