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1.1

Executive Summary
Part 1 of this Climate Change & Forestry Handbook discusses why and how the climate
is changing, including the temperature and precipitation changes observed so far,
what to expect in the future, and the areas of greatest uncertainty. Shifts in the climate
are already driving change in forest ecosystems throughout the globe (which is discussed in Part 2) and affecting operational conditions for active forest management.
This handbook takes a global view of the subject, but places the greatest emphasis
on aspects of climate change that are relevant for forests and forestry operations in
North America.

What you need to know
Earth’s climate is controlled by a variety of external and internal factors and the
primary driver of current warming is increasing levels of CO2 in the atmosphere:
»» External forces (e.g., the activity of the sun) can kick off changes in the Earth’s
climate and feedbacks amplify or dampen the amount of warming or cooling that
results.
• Forests are an important feedback. They affect the climate system by sequestering carbon through photosynthesis, moving water into the atmosphere
through transpiration, and changing the reflectivity of the surface.
»» The heat-trapping properties of CO2 are understood through physics. Studies of
past climate show that it has been an important driver of climatic change throughout Earth’s history.
• Additional warming will happen as long as CO2 levels in the atmosphere are
increasing.
Climate change is underway with a significant increase in global average temperature, changing precipitation patterns, and more frequent extreme events:
»» Many changes indicate the world is warming, e.g. reductions in snow cover, sea ice,
and mountain glaciers; increases in surface temperatures; and ocean heat content.
»» Global average temperature has risen ~1.8°F since the 1880’s. For reference, in
terms of the amount of temperature change, that is equivalent to roughly one quarter the magnitude of an ice age.
»» The rate of warming varies by region. We see more warming over land than oceans
and greater warming closer to the poles.
»» As the climate warms, the probability of extreme heat is increasing and the hydrologic cycle is intensifying, leading to more frequent and intense drought and heavier
precipitation.

1.2
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Model projections indicate continued warming and additional impacts on the
hydrologic cycle:
»» Future global carbon emissions are uncertain, so scientists use a number of scenarios to simulate different trajectories, representing a range of possible futures.
»» Projections indicate we will experience warmer average temperatures, more heat
extremes, changing precipitation patterns, longer growing seasons, and shorter
winters.
»» The rate and extent of climate change will depend on the rate and extent of change
in atmospheric CO2 levels.
The big picture aspects of climate change are understood. The greatest uncertainties are in the details of exactly where, how much, and how quickly things will
change.
»» The biggest uncertainties are related to estimating future emissions, the magnitude of various feedbacks in the climate system, when we might cross irreversible
tipping points, future precipitation, and how conditions will change at smaller (subregional) scales.

Shifts in the climate are already
driving change in forest ecosystems
throughout the globe (which is
discussed in Part 2) and affecting
operational conditions for active
forest management.
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What Controls the Climate
Earth’s climate is always fluctuating to some degree, which is clear when we look at
global temperature over thousands of years (Figure 1).

Figure 1: (A) Global average temperature over the last 1,000 years. Based on data from Mann et al. 2008.1
Shaded areas indicate uncertainty. (B) Global average temperature over the last 800,000 years. Large
peaks are the warm interglacial periods and valleys are the depths of ice ages. Based on data from Synder et al. 20162

Some fluctuations are (1) internal variability caused by interactions within the climate
system (e.g. the well-known ocean and atmosphere phenomenon of El Niño) and
some changes are (2) externally ‘forced’ variability caused by shifts in the Earth’s
orbit, solar cycles, or volcanic eruptions. Over the past several hundred years, human
carbon emissions have become the largest forcing on the climate.3
»» Forcing – external;
“pushes” the climate
system toward a
warmer or cooler state
»» Feedback – internal;
can amplify or reduce
the effect of a forcing
»» Albedo – reflectivity of
a surface

1.4

The climate system is complex and the amount of warming or cooling from a particular forcing depends on the size of the forcing and the feedbacks involved. These
feedbacks can amplify or dampen the effect of a forcing. Some are “fast” (occurring
over several years), while others are “slow” (occurring over decades to millennia)4 and
many of these feedbacks interact with each other.
Examples of “fast” feedbacks include:
»» Snow/ice albedo (amplifying): Warmer temperatures melt bright snow/ice cover,
revealing darker land and ocean surfaces that absorb more solar radiation, which
increases local warming that leads to more snow/ice melt, and so on (Figure 2).
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For more information on
this topic, see the following
Climate Smart Land
Network bulletins:
»» Global Temperature
Part I: Observed Trends
»» Global Temperature
Part II: Future
Projections
»» El Niño Update
»» Certainty and
Uncertainty in Climate
Change and Forest
Response Part I: The
Climate System

Figure 2: Example diagram showing the snow/ice albedo feedback. This amplifying feedback intensifies
the initial forcing, leading to accelerated warming (depicted here) or cooling, depending on the initial
direction of temperature change.

»» Water vapor (amplifying): A warmer atmosphere can hold more water vapor, which
traps more heat and allows the atmosphere to become even more saturated, which
warms things further, and so on.
»» Clouds (amplifying or dampening): Feedbacks from clouds are complex and they
are one of the biggest areas of uncertainty. Whether clouds have a warming or
cooling effect depends on cloud formation, persistence, and altitude.5
An example of a “slow” feedback would be:
»» Forests (amplifying or dampening): Forests affect the amount of energy absorbed
and reflected from the surface (dark forest canopy has lower albedo), the hydrologic cycle (through evapotranspiration), and the carbon cycle (through photosynthesis and carbon sequestration). Through these processes, forests can either amplify
or dampen a warming trend, and the magnitude of these effects varies depending
on forest type (Table 1).6
Carbon Storage

Evaporative Cooling

Albedo Decrease

(dampening feedback)

(dampening feedback)

(amplifying feedback)

Tropical

Strong

Strong

Moderate

Temperate

Strong

Moderate

Moderate

Boreal

Moderate

Weak

Strong

Forest Type

Table 1. Relative magnitude of feedbacks associated with different forest types. Source: Bonan 20086
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BALANCING THE BUDGET
Ultimately, climate change is about Earth’s
energy budget. As long as there is more
energy coming in than going out, things
must get warmer (and vice versa). There
are many ways to change the temperature
in a particular region, but only three ways
to change the average temperature of the
entire planet:
1. Change the amount of energy coming
in (e.g. solar activity)
2. Change the amount of energy
reflected back out to space (e.g.
albedo/reflectivity)
3. Change the amount of energy trapped by the atmosphere (e.g. strength of the
greenhouse effect)
The recently observed temperature increase cannot be explained by changes in solar
activity or the Earth’s orbit (#1) and most recent albedo changes (e.g. from deforestation or aerosol pollution) actually tend to have a cooling effect (#2). The climate is
warming today because increased carbon emissions (particularly CO2) from human
activity are strengthening the greenhouse effect7 (#3), keeping more energy in the
system. The relationship between atmospheric CO2 concentrations and temperature
is well understood and has been a driver of global temperature change for millennia8
(Figure 3).

IT’S OLD SCIENCE
The fundamental physics
and core underlying
phenomena of global
climate change have been
known for over a century,
beginning with Joseph
Fourier’s discovery of the
greenhouse effect in 1824,
John Tyndall’s discovery
that CO2 is a greenhouse
gas in 1859, and Svante
Arrhenius’s initial
estimates of how much
the earth would warm from
human emissions of CO2 in
1896.8

1.6

Figure 3: Average global surface temperature and atmospheric carbon dioxide levels over the last
800,000 years. Temperature based on data from Synder et al. 20162; Carbon dioxide based on data from
Lüthi et al. 2008.9
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Weather VS. Climate
The difference between weather and climate is timescale. Weather
is what you experience over hours and days to weeks and months.
Climate is the statistics of weather over decades and longer.
More specifically, the climate is the statistical distribution of any
given weather variable (clouds, rainfall, temperature, wind speed, etc.).
Generally, this distribution resembles a bell curve, with extremes on
either end. For instance, the average January temperature in New
York City is 35°F, but it has been as warm as 70°F and as cold as -4°F.
Climate change is, by definition, a shift in this distribution.

HOW SENSITIVE IS THE CLIMATE?
Given all the factors involved, the question is: how much will the climate change from
a given “push” (or forcing) on the system? This is the question of climate sensitivity,
which is central to estimating how much things will warm. If the climate is very sensitive, a small forcing will result in big changes and we might be more cautious about
how much we “push” the system.
The best current estimates suggest that doubling atmospheric CO2 concentrations
(to about 550 ppm) will ultimately result in 2.7 to 8.1°F of global average warming.10
Based on current trends, it is likely we will reach those concentrations by the middle
of this century. Forty years of research from independent lines of evidence, including
computer models and the study of past climate change, give us confidence that the
answer is within this range.
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Figure 4: Indicators of a Warming World. Adapted from Warming Indicators by Skeptical Science.
Available at www.skepticalscience.com/graphics.php?g=8. CC BY 3.0.

Changing Climate
Overview
EVIDENCE OF A WARMING PLANET
There are many cues that the climate is warming, including temperature records,
retreating glaciers, lower arctic sea ice11, species shifts12, and more (Figure 4).
For more information on
this topic, see the following
Climate Smart Land
Network bulletins:

The modern temperature record goes back to 1880 and is based on direct measurements of land and ocean surface temperature from thermometers (Figure 5).

»» Global Temperature
Part I: Observed Trends
»» Climate Change and
Extreme Weather Part I:
Trends & Projections

Figure 5 Global temperature change from 1880 to 2016 based on modern thermometer records, relative
to late 19th century average. Based on data from NASA GISTEMP.13, 14
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Since 1880, the average global temperature has risen around 1.8°F (1°C).15 While that
might not seem like much of a change, it is worth remembering that the difference
between the world today and the depths of an ice age is on the order of 7.2°F (4°C).16
When we talk about global average temperature, relatively small changes can actually mean a big difference in the state of the world. Beyond the late 1800’s, we rely on
proxy temperature records from sources such as tree rings, lake and ocean sediments,
ice cores, and others.

THE FINGERPRINT OF CLIMATE CHANGE
There has been greater warming at high latitudes and greater warming over land than
oceans (as you can see in Figure 6).

Figure 6: 1950–2014 Temperature Trend relative to 1951-1980 base period. Source: NASA/GSFC/
Earth Observatory, NASA/GISS. Available at https://eoimages.gsfc.nasa.gov/images/imagerecords/85000/85083/trend_gis_2014_lrg.tif

Most of this regional variation can be explained by three factors:
1. Polar Amplification – Warming temperatures lead to the loss of bright snow
and ice cover, which exposes darker surfaces (e.g. ocean water) that absorb
more solar radiation and create a feedback that accelerates warming at high
latitudes.17
2. Ocean Heat Capacity – Oceans have a greater heat capacity than land, which
means they warm much more slowly and absorb more energy per unit of temperature increase.18
3. 	Internal Climate Variability – There are a number of large-scale ocean
atmosphere circulation patterns that drive our regional weather and redistribute
heat within the climate system, e.g. North Atlantic Oscillation (NAO), Pacific
Decadal Oscillation (PDO), El Niño—Southern Oscillation (ENSO), etc.19
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SHIFTING EXTREMES
As the climate changes, we will not only experience a gradual change in average conditions, but also an increase in the frequency and intensity of some types of extreme
weather and climate events.20 This change is loading the dice, so we are more likely
to roll certain extremes, such as heat waves, heavy precipitation, or severe drought. In
fact, the risk of extreme heat and heavy precipitation events goes up exponentially
as average temperatures increase.21
Climate change shifts the statistics of our weather and, as average conditions change,
so do the conditions that are considered ‘extreme.’ Take the example of a temperature distribution—as the climate warms, the curve will shift toward the right, leading
to more warm extremes, new record heat events, and formerly ‘extreme’ conditions
becoming more normal (Figure 7).20

Figure 7: A shift in the mean (i.e. average) of a temperature distribution and its effect on extreme
values. As average temperatures increase, we will see more heat extremes and fewer cold extremes.
Source: IPCC SREX, Figure SPM.320

Variability may also change (the width of the bell curve) due to dynamics linked to climate change (Figure 8), e.g. loss of arctic sea ice. The curve may become wider (more
variability) or narrower (less variability), depending on the region.20

Figure 8: An increase in the variability of a temperature distribution and its effect on extreme values.
Even if the mean remains the same, a shift in climate that increases temperature variability will lead to
increases in both cold and heat extremes. Source: IPCC SREX, Figure SPM.320
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Observed Change

2016

warmest year
on record,
globally22

contrast
between wet
and dry areas23

2X

rate of warming
in the Arctic,
compared to global
average28

10X increase
number of
unusually cold
days and nights,
globally11

number of
unusually hot
days and nights,
globally11

~2°F
increase in average global
temperature (same for U.S.)15, 23*

frequency
of heavy
downpours in
many regions,
including North
America24

flood magnitude
in Midwest &
New England23

10 day increase

in average frost-free season in the U.S.23*

3x

13%

acceleration of sea
level rise over the
last 100 years26

per decade decline
in arctic sea ice
minimum extent27

in global surface
area experiencing
extremely hot
summers24

flood magnitude
in Southwest
U.S.23

5%
increase
in average
annual precipitation
in U.S.23*

5-71% increase

in heavy precipitation in U.S. since mid-20th
century, depending on region
(greatest in the Northeast)23

112 miles

northward shift in where hurricanes
reach maximum strength over
past 30 years25

* since late 19th/early 20th century
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Climate Modeling Explained
You might ask, how can we predict future climate, if we can’t predict the weather next
month? The answer is that climate is all about statistics and averages (unlike weather,
which is relatively chaotic). As an example, it is much simpler to predict the end-ofseason batting average for a baseball player than to predict whether or not he will get
a hit the next time he is at bat.
From economic forecasting to predicting solar eclipses, we are familiar with the use of
computer models to describe economic, social, biological, and physical systems—we
use them in all realms of science. Models help us improve our understanding of the
mechanics of a system and allow for prediction of the future under different conditions. While they necessarily involve simplifications of complex systems, they do have
utility—hence the familiar adage “all models are wrong, but some are useful.”

WHAT GOES INTO A CLIMATE MODEL?
Today’s comprehensive global climate models (GCMs) have many coupled components, including atmosphere, land surface, ocean and sea ice, aerosols, the carbon
cycle, dynamic vegetation, atmospheric chemistry, and land ice. Their ‘performance’
is tested by evaluating how well they can reproduce the actual temperature variations
we have observed in the past, which helps validate that they are effectively simulating
the most important mechanisms in the system. Climate models perform particularly
well with simulations of average global temperature, where they demonstrate good
agreement with the decade-to-decade changes we have observed29 and with geologic
records of Earth’s climate history.

WHY DON’T ALL MODELS ESTIMATE THE SAME AMOUNT OF WARMING?
For more information on
this topic, see the following
Climate Smart Land
Network bulletins:
»» Global Temperature
Part II: Future
Projections

1.12

All climate models simulate the greenhouse effect the same way, but they diverge in
their projections because they have slightly different ways of simulating the feedbacks
discussed earlier. To cope with uncertainty about future emissions, climate modelers
use emissions scenarios, such as the Representative Concentration Pathways (RCPs)
outlined by the Intergovernmental Panel on Climate Change (IPCC).
The RCPs are different CO2 emission trajectories based on assumptions about future
global economic activity, population growth, the types of energy we will use, and how
efficiently we will use it—from RCP2.6 that assumes our emissions will peak in the
next five years and then decline, to RCP8.5, which is a business-as-usual scenario
where emissions continue to rise throughout the century. The amount of change
depends on the RCP and time frame in question (Figure 9).30

© Manomet / Climate change & Forestry handbook / Part 1

Figure 9: Change in global annual average surface air temperature over time, relative to the 19862005 average. Historical (observed) change in grey and modeled projections under different emission
scenarios (RCPs) in color. Numbers in the figure indicate the number of different models used in that
time period. Solid lines represent the multi-model average and shading indicates the 5-95% uncertainty
ranges. Source: IPCC AR5, Figure 12-5.10

Extreme Event Attribution
We know climate change will increase the frequency and/or intensity of extremes,
such as heat waves, heavy precipitation, floods, and drought, but how do we know
whether any particular extreme event is related to climate change? Over the last five
years, advances in the field of event attribution science have allowed researchers to go
beyond the standard line that “no individual weather event can be attributed to climate
change,” and provide quantitative estimates of how much the likelihood, frequency, or
magnitude of an event was influenced by human-caused warming.
Improvements in scientific understanding, methodology, and computing power now
allow for rapid attribution assessments within weeks of an event.31, 32 This research
gives us important new information because the way we perceive and frame the
causes of an event influences how we respond to it, including what post-disaster
actions, preventive practices, or adaptation and mitigation initiatives we put in place.33
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For more information on
this topic, see the following
Climate Smart Land
Network bulletin:
»» Attributing Extremes to
Climate Change
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Projected Change

5-9°F increase

precipitation in wet regions

in average global surface
temperature (similar for U.S.)11, 23

in dry regions &
& seasons,
seasons (generally)10

total, timing, and
intensity of precipitation

hot
cold
extremes10

Changes in

34

1 month

increase in length of the growing season
across most of the U.S.23*

5%

increase in global
precipitation10*

* under a high emissions (i.e. business-as-usual) scenario by late 21st century

Uncertainty: What We Know & What We Don’t
WHAT WE KNOW
The basic mechanics of climate change have been well understood since the mid1800’s and the scientific study since that time has given us confidence in the following:
»» Greenhouse gases (e.g. carbon dioxide, methane) are warming the planet
»» When all climate forcings are totaled (anthropogenic and natural) the total net
effect is warming the planet
»» The planet will continue to warm while the imbalance in the energy budget persists

1.14
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Intensification of the hydrologic cycle
(resulting in both

1-4 feet
of global sea
23
level
level rise
rise23*

precipitation &

flash flood
events23

drought)

35

“Hotter drought” due to
warmer temperatures36

30 %

of global land
area projected
to experience
moderate
37
drying
drying37*

94%

reduction in Arctic minimum sea ice extent11*

Greater

in
in winter
winter precipitation
precipitation
than
than summer
summer in
in midmid- and
and
10
high-latitude
high-latitude regions
regions10

80%

likelihood of a megadrought in U.S.
Southwest and Central Plains between
38
2050
2050 and
and 2100
210038*

»» There is good model agreement/consensus on projections of average global
temperature change
»» Significant regional differences in the rate of warming will continue, with areas near
the poles generally warming more rapidly than lower latitudes
»» Drought will be more impactful as temperatures increase
»» Precipitation patterns are changing, with some regions getting wetter and some
drier
»» The probability of extreme heat and precipitation is increasing as the planet warms
»» Sea levels will continue to rise for several centuries and beyond
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WHAT WE DON’T
The remaining uncertainty about climate change is not in the big picture, but in the
details–refining the projections of how climate will change in the near-term and on a
regional or local scale. Some notable uncertainties are:
»» Emissions: Future emissions depend on how the world population grows, the
nature of future economic development, and the technology we use to meet our
energy needs—factors we can’t predict with absolute certainty.
»» Feedbacks: The amount of warming caused by an increase in greenhouse gases
depends on the impacts of amplifying (warming) and dampening (cooling) feedbacks in the climate system—there is uncertainty in our understanding of these
complex processes, how they are coupled, and our ability to simulate them.
»» Tipping Points: There is evidence from the past that earth’s climate can be pushed
into an entirely new state when certain thresholds, or tipping points, are reached,
such as the run-away loss of arctic sea ice or large-scale release of carbon from
melting permafrost. It is uncertain exactly when we might reach one or more of
these as a result of current climate change.
»» Downscaling: Downscaling is the process of extrapolating higher-resolution local
or regional climate data from the results of global climate models, which adds a
new layer of uncertainty to regional climate projections.

For more information on
this topic, see the following
Climate Smart Land
Network bulletins:

»» Precipitation Projections: There is less agreement among global climate models
regarding the direction and magnitude of precipitation change, especially in certain
regions. This uncertainty is due to: (1) the small spatial scales on which precipitation dynamics take place (e.g. cloud microphysics), (2) the fact that precipitation is
more spatially variable than temperature, and (3) the complex relationship between
greenhouse gases and precipitation change (as opposed to the direct relationship
with temperature).

»» Certainty and
Uncertainty in Climate
Change and Forest
Response Part I: The
Climate System
»» Global Precipitation
Part I: Trends &
Projections

1.16
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“In general, we can have greater
confidence in projections for larger
regions than for specific locations, in
temperature projections than those for
precipitation, and for gradual changes in
average conditions than we can have for
extreme weather events such as storms.”
European Environment Agency39
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2.1

Executive Summary
Part 2 of this Climate Change & Forestry Handbook discusses how a changing climate
is changing forests worldwide, including altered disturbance regimes and shifts in
the distribution, abundance, and health of different tree species. These changes have
important implications for the resilience of our forests and the industries that rely on
them. While this handbook takes a broad view of the subject, it places the greatest
emphasis on changes that are relevant for forests and forestry operations in North
America.

What you need to know
»» Climate-related shifts in the range and relative abundance of some tree species
have already been documented.
• Upward shifts in elevation and latitude, as well as changes in regional abundance, have been observed for some species, but discernable change is
limited so far.
»» The distribution and abundance of individual tree species will continue to shift as
the climate changes through migration, adaptation, or extirpation/extinction.
• Species will respond independently, rather than moving in unison as distinct
forest types; response will also vary within species based on individual genotypes.
• Generalist species that grow under a variety of conditions and have a higher
tolerance for disturbance are likely to fare best as conditions change.
• Significant time lags (decades to centuries) are likely; faster change is possible following significant disturbance.
• Initial changes in forest composition will generally be at the limits of a species’ range, but within-range changes in relative abundance are also likely.
»» Many of our modern tree species experienced large climatic shifts during
previous glacial cycles, which resulted in relatively rapid change in forest
composition (within decades in some cases), along with massive range shifts
and novel community types over the longer-term. The current rate of global
change is significantly faster and will challenge the migration speed and
adaptation potential of most species.
»» Forest vulnerability to drought is increasing as the climate warms.
• By increasing evaporative demand, warmer temperatures exacerbate the
impacts of even mild to moderate drought events.
• Drought risk is not uniform and can be mitigated by site and soil characteristics, as well as a drought-tolerant species mix.
• Hotter droughts are already increasing rates of forest mortality worldwide.

2.2
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»» Forest growth and productivity will be affected by changes in temperature and
precipitation (both average conditions and extremes), longer growing seasons,
and higher ambient CO2 levels.
• A global increase in forest growth has already been documented.
• This increase in productivity may continue where it is not offset by increasing
moisture deficits, disturbance, or limiting nutrients; or where these countervailing factors can be successfully managed.
»» Abiotic disturbance regimes (e.g. those driven by drought, fire, wind) will change,
with implications for forest composition and structure.
• Disturbance from fire and drought is expected to increase under warmer
and drier conditions; wind-related disturbance is expected to increase under
warmer and wetter conditions.
• Rising temperatures will have the greatest impact on fire regimes in climatelimited (rather than fuel-limited) forest ecosystems.
• Increases in wildfire frequency, severity, and extent have already been documented; this is expected to continue in many places.
• Changes in snowpack depth and duration will affect seasonal water availability and cold season soil temperatures—increasing the risk of wind throw and
root freezing in some regions.
»» Extreme climate and weather events will bring about some of the most immediate and drastic forest impacts.
»» There will be changes in the synchrony, distribution, outbreak frequency, and
infectiousness of various forest pests and diseases.
• Forests will have the greatest vulnerability in water-stressed regions.
• Some of these changes are already evident, particularly in the western United
States.
»» The interaction of multiple forest stressors, such as drought, extreme heat, and
insect attack, will exacerbate negative impacts and diminish resilience. Forest
management will be key to reducing forest vulnerability.
• Forests that receive active care and management are likely to remain healthier
and stand a better chance of adapting to new conditions.
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A bear sleeping in the sun, Grand Teton National Park. Photo credit: Jennifer Hushaw

»» Wildlife species will adjust to changing conditions by altering where, when, or
how they operate.
• Generalist species will fare better than specialists.
• A net loss of species diversity is likely at the global scale.
• Shifts in the range, behavior, or abundance of numerous wildlife species have
already been documented.
»» The greatest uncertainties regarding ecosystem response to climate change are
related to
• estimating the pace of change,
• determining whether changes will be a net positive or negative for particular
species and community types,
• accounting for the adaptive capacity of individuals and populations, and
• anticipating the role of extreme events and pests/pathogens in reshaping
ecosystems.

2.4
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Tree Species Migration
Individual species are adapted to survive and thrive in a specific range of climatic
conditions and, as the climate changes, species will respond through one (or some
combination) of four possible options:
»» Toleration, i.e. adapting to the new conditions in place
»» Habitat shift, i.e. expanding or contracting their distribution to take advantage of
newly available habitat or capitalize on remaining refugia within their current range
»» Migration, i.e. moving into new areas to follow or find more favorable conditions
»» Extinction, i.e. species that cannot cope with changing conditions eventually die
off (in most cases, extirpation in a particular area is more likely than the complete
extinction of a species)2

PALEOECOLOGY
Paleoecology is the
study of “the interaction
between ancient organisms
and their environment,”1
primarily through the fossil
record.
Throughout Part 2, there
are sections titled “The
Paleo Perspective.”
These contain examples
of species’ responses
to climate change in the
distant past, which can
shed light on what we
might expect from the
shifts underway today.

There is evidence that all these options were in play as species responded to past
shifts in the Earth’s climate.3 One of the best examples, with regard to forest change,
is the deglaciation of North America following the end of the last ice age around
11,700 years ago. Using fossil pollen records, researchers have catalogued how forest
composition and the abundance of individual species changed over that time (Figure
1),4 with evidence that forest composition responded within decades or less.5, 6 However, range shifts for individual tree taxa can take hundreds to thousands of years.3, 7, 8, 9

Tree Species on the Move
Studies have documented recent instances of species migration that are consistent
with what we would expect in a warming world, namely upward shifts in elevation and
latitude for plants and many other types of organisms.12, 13, 14, 15 For tree species, in particular, shifts have been documented in temperate,16, 17, 18,19, 20 boreal,21 and even tropical22 biomes, but generally for only some fraction of species. Not all tree species are
exhibiting range shifts (yet) and some are responding in ways we might not expect, including some downhill shifts23 and expansion into more southerly areas.19 This is due
to the complex array of factors that influence where and how different trees will grow.
A number of these factors, such as competition from established species, changes in
moisture availability, in situ adaptation, and so on, have been cited to explain lack of
movement or counterintuitive shifts.

How Will Tree Species Respond?
All efforts to predict tree species’ response to climate change (see section on
Modeling Future Forests) agree on one thing—growing conditions are going to change.
Some species will successfully adjust or even perform better under the new conditions, but others will be limited in their ability to survive as the climate moves farther
away from the conditions to which they are adapted. Competition is also an important
factor because species only persist where they can successfully outcompete others,
regardless of how well-suited they may be to the environmental conditions.
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For more information on
this topic, see the following
Climate Smart Land
Network bulletins:
»» Global Temperature
Part I: Observed Trends
»» Modeling Future
Forests
»» New Evidence of Tree
Species on the Move

Figure 1: (A) Changes in the estimated relative abundance of two example tree taxa (spruce and oak) from
the Ice Age to present-day, based on pollen percentages. Spruce, in particular, offers a classic example of
expansion at the northern leading edge and extirpation at the southern trailing edge of its range. (B) Distribution of spruce, ash, and birch taxa throughout North America from the Ice Age to present, illustrating how
species migration can create novel plant communities. Different colors represent different combinations of
the presence or absence of three example taxa. Distributions are based on pollen records.10, 11

Changes in habitat suitability and relative competitiveness will ultimately alter the distribution and abundance of forest species. The uncertainty lies in pinpointing exactly
how, where, and when these shifts will happen. The following are some general rulesof-thumb supported by the current science:
»» Tree species will respond independently (not as cohesive forest types), so we may
see some new combinations of species and community types (e.g. see Figure 1).
»» There will also be variation within species, as individual genotypes react differently
to changing conditions.
»» Tree species that grow under a variety of conditions (i.e. generalists) and those that
have a higher tolerance for disturbance may fare best as conditions change.
»» Significant time lags are likely.

2.6
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MODELING FUTURE FORESTS
In recent years, there has been growing interest in anticipating how modern climate change
may lead to shifts in the abundance and distribution of different tree species. The models
used to assess these potential changes can be
broadly sorted into two categories on either end
of a spectrum, from empirical (i.e. statistical) to
process-based (i.e. mechanistic) models.
Empirical models quantify statistical relationships between species occurrence data, such
as plot data from the U.S. Forest Service Forest
Inventory and Analysis, and relevant environmental variables, such as soils and climate, then
use those correlations to project into the future.
These are often referred to as species distribution, niche, or bioclimatic envelope models.

Process-based models are generally more complex because they simulate the actual underlying processes, such as disturbance, growth,
and regeneration. Examples include forest gap,
ecosystem, forest landscape, and dynamic global
vegetation models.
These are not mutually exclusive and an increasing number of hybrid approaches are used in
research. Nor is one approach necessarily better
than another—each has its strengths and weaknesses depending on scale, data availability, and
research question.
NOTE: See the CSLN bulletin on Modeling Future
Forests for a comparison of several commonly cited
modeling efforts and a list of “Best Practices” for
how to interpret and incorporate their results into
management.

»» There is potential for faster change with small- and large-scale mortality from extreme events (e.g. drought or fire).
»» Changing moisture availability may be more important than changing temperature
for driving species shifts in the near-term.
»» Changes in the relative abundance of different species may manifest before detectable changes in the overall geographic range of species.
»» At the stand level, initial changes will most likely be detectable in the regeneration
layer, rather than the overstory.
»» Initial forest composition changes are most likely at species range margins. Where
temperature is the primary driver, we generally expect:
• Range expansion at the leading edge (northern and higher elevations)
• Range contraction at the trailing edge (southern and low-altitudinal limits)
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The Paleo Perspective
Migration Speed and Vegetation
Response Times

Novel Communities

As the world warmed and the vast continental ice
sheets began retreating at the end of the last ice
age (around 20,000 years ago), it created an excellent natural experiment for understanding how tree
species migrate across the landscape in response
to long-term warming.24 There are varying estimates of the speed of this migration for different
species, ranging from around 1-10 km/decade.25,
26, 27
This period of gradual global warming was
also punctuated by some abrupt (within several
decades) shifts in climate in particular regions, to
which vegetation responded rapidly (often within
100 years), e.g. in the North Atlantic region, via
in-migration of new species and changes in the
frequency of existing vegetation types.6

The Role of Refugia
Remnant populations of certain species may also
have persisted in small pockets farther north than
expected during the Ice Age, so the actual migration distance required for them to recolonize may
have been substantially shorter and, therefore,
migration speeds may actually have been on the
lower end of estimates.28. 29 For various types of
woody plants, the populations in the northernmost
part of their range appear to have been particularly
sensitive to climate and responded more quickly
than their counterparts in more southerly areas.27

Entirely novel climate conditions developed at
some points during this period, which resulted in
plant communities that we would not recognize
today because they have no modern equivalent.30
This suggests we may witness similarly unique
species combinations and community types as we
move into a no-analog future.

Lessons for Today
The rate of global warming today is over 50 times
faster than warming out of the last glacial period
in Earth’s history. Therefore, if reality is on the
slower end of estimates, most species won’t
be able to match the velocity of current climate
change. The average speed required to keep pace
with temperature change today is estimated to
be 3.5 km/decade for temperate broadleaf/mixed
forests, 1.1 km/decade for temperate coniferous
forests, and 4.3 km/decade for boreal forests/
taiga. Mountainous biomes will require the
slowest velocities because in these areas small
movements in space result in large changes in
temperature.31

Given the time lag generally involved in forest
migration, the relevant near-term question is not
whether a particular species will disappear from the
local landscape (e.g. sugar maple in Vermont), but
whether that species exhibits a change in relative
competitiveness and regeneration success, or a
general decline in health and vigor across all or part
of its current range.
2.8
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Water Availability & Plant Water Stress

Forests in a Future with
‘Hotter Drought’

Rising temperatures and changes in precipitation are already affecting water availability, including soil moisture, in many places. This has major implications for our
forests; the quantity and seasonality of water resources determines many aspects of
forest structure, productivity, and health. In addition to affecting growth, mortality, and
seedling survival, changes in the amount and timing of precipitation can influence how
individual trees allocate resources between the above and belowground portions of
the stem:

Warmer temperatures will
make future droughts more
impactful than droughts
of similar magnitude in
the past and these ‘hotter
droughts’ are a concern
for forest health. In fact, a
recent research synthesis
(Allen et al. 2015) found
that the risk to forests
has most likely been
underestimated globally.
This is in part because
there is a high degree of
confidence in several of
the major drivers pointing
toward more (rather than
less) forest vulnerability.
However, factors such as
species diversity, microsite
variation, a capacity for
acclimation, and CO2
fertilization can help
forests better withstand
the impacts of hot
drought.40

»» Drier conditions =

fine roots + ↓

foliage & aboveground woody biomass

• Improves ability to draw on limited soil water
»» Wetter conditions = ↑

foliage & growth rate +

fine roots  

• Capitalizes on growth potential and increases competitiveness, but a
shallower root system increases risk of blow down and vulnerability to future
drought 32, 33
In this way, changing water availability will be an important factor determining forest
vulnerability to stress and a key driver of the species shifts anticipated in the future.

Water Stress and Forest Mortality
Widespread tree mortality linked to drought and heat stress has been documented
across the globe. These impacts are not just confined to dry regions, but are seen
in wet and semi-arid places as well. This suggests rising temperatures are playing
a significant role by increasing water loss through transpiration, reducing tree vigor,
and accelerating the development and reproduction of damaging insects.34, 35 In the
United States, in particular, there are many examples of forest impacts linked to water

For more information on
this topic, see the following
Climate Smart Land
Network bulletins:
»» Global Precipitation
Part II: Ecosystem
& Management
Implications
»» Climate Change and
Extreme Weather, Part
2: Forest Impacts

View of standing dead pines killed by drought and beetle attack near Sierra National Forest,
December 2015. Photo credit: Jennifer Hushaw
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The Paleo Perspective

The period of time between 8,000 and 4,000
years ago is a great case study for understanding how water availability drives forest
change.24 During this time, temperatures were
relatively stable, but there was a high degree
of hydrological variability. In the eastern Great
Plains of the U.S., for example, regional drying
caused forests to disappear and be replaced
by prairie within decades to centuries. Then,
over the following centuries to millennia, forests slowly recolonized the area as moisture
availability began to increase once again.24, 41
Meanwhile, in the eastern U.S., hemlock populations crashed multiple times due to drought
conditions and never recovered their former
abundance in the southern portions of their
range.42

In an example from more recent history, evidence from tree-ring analysis suggests that an
intense drought between 1772 and 1775 led to
the mortality of overstory trees across a wide
swath of the eastern U.S. The widespread
canopy disturbance resulted in a significant
recruitment event that is still detectable in the
composition of eastern forests today—highlighting the potential for drought to act as an
important driver of forest change even in a
relatively wet region dominated by broadleaf
forests.43

stress. These include aspen decline in the West,36 increased mortality of pine and oak
species in the Central Coast and Southern Sierra Ranges of California,37 loss of big
trees (>2 ft dbh) throughout California,38 and regional-scale die-off of piñon pine in the
Southwest.39
Severe or long-term decreases in water availability can predispose forests to largescale die-off and it is thought that drought-related tree mortality actually occurs via
three interrelated pathways—carbon starvation, hydraulic failure, and biotic attack.33
When this combination of factors kills a significant number of overstory trees, it can
open the door for colonization and migration of new species or a significant reorganization of the forest.

Evaluating Drought Risk
While evidence suggests we will experience more frequent and severe drought due
to climate change, the risk is not uniform; it varies with site characteristics and forest
type:
»» Warmer temperatures increase the INTENSITY of individual drought events by
increasing evaporative demand and water loss through transpiration.

2.10
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»» Site characteristics, including soil texture, depth to water table, and topography,
influence drought EXPOSURE by affecting soil water holding capacity, run off, and
evaporation rates.
»» The species mix (specifically the level of drought tolerance exhibited by each tree
species) determines VULNERABILITY to drought.
Sites that experience large increases in temperature and decreases in precipitation,
with low soil water holding capacity, and a drought-intolerant species mix will have
the highest levels of drought risk. In contrast, an area may have a high likelihood of
intense drought in the future, but the risk may be mitigated by a drought-tolerant species mix and better site conditions.

Growth & Productivity
Climate influences forest growth rates and productivity by affecting water availability, metabolism, physiological stress, and other factors. In this regard, the moderate
warming we have experienced to date has been largely beneficial for forests. A global
increase in vegetation productivity and leaf area (i.e. “global greening”) over recent
decades has been linked to the combined effects of changing climate, longer growing
seasons, and elevated atmospheric CO2.44, 45
A longer growing season increases ecosystem productivity by lengthening the period
for photosynthesis. Some research suggests that lengthening the growing season
by 5-10 days may increase annual net primary productivity of forest systems by
as much as 30%.46 Likewise, increased CO2 is known to have a fertilizing effect on
plants (by increasing the rate of photosynthesis and growth), as well as benefits
for water-use efficiency (the ratio of water loss to carbon gain).47, 48 In fact, at least
one study suggests that 70% of the recent “greening” trend can be explained by CO2
fertilization.44

For more information on
this topic, see the following
Climate Smart Land
Network bulletins:
»» Global Temperature
Part I: Observed Trends
»» Climate Change &
Forest Productivity
»» Shifting Phenology in a
Changing Climate

However, there are some caveats to this good news story. The positive effects on
plant growth have not been uniform worldwide; changes in the sign (whether positive
or negative) and magnitude of productivity vary by site, region, and tree species.49, 50 ,51, 52
Modeling studies generally point toward increasing forest productivity as the climate
warms,50, 53 especially when the positive effects of CO2 are included,50 but this variability will persist.54 For example, research in the eastern U.S. suggests that average site
index—a common metric of potential site productivity—is likely to increase for conifers
and decrease for hardwoods over the 21st century due to changes in temperature,
precipitation, and growing season length.55 There is also strong evidence that growth
increases will not be realized in drier places where moisture is limiting 56, 57, 58, 59 or
where other nutrients are insufficient60 and disturbance has been shown to “exaggerate ongoing productivity declines or cancel out productivity gains.”61 In the near-term,
warming may be advantageous for forest growth, but it is likely that this trend will
plateau or even reverse in some places as temperatures continue to rise.55
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Disturbance
Abiotic Disturbance
Wildfires, blowdowns, drought and other abiotic disturbance agents are an important
influence on forest ecosystems, often leaving an imprint that shapes forest dynamics
for decades to centuries after the initial disturbance event.62 Globally, there have been
measured increases in forest disturbance over the past several decades and this trend
is likely to continue across all biomes as the climate warms. Disturbances from fire,
drought, and wind are likely to increase, while those related to snow and ice are likely
to decrease. In particular, studies suggest that fire and drought activity will increase
under warmer and drier conditions, while wind-related disturbance will increase under
warmer and wetter conditions in the future.63
Climatic extremes (e.g. heat waves, heavy precipitation, and severe drought) will drive
many of these disturbance changes and will likely play an outsized role in bringing
about vegetation shifts. In fact, research suggests extremes play an equal or greater
role in shaping the distribution, survival, productivity, and diversity of plant communities than gradual changes in average conditions.64

As a consequence, we expect increasing climate and weather
extremes (including an exponential increase in extreme heat
and heavy precipitation65) to bring about some of the most
immediate and drastic forest impacts.
Extreme Heat
For more information on
this topic, see the following
Climate Smart Land
Network bulletins:
»» Forest Disturbances in
a Changing Climate
»» Climate Change and
Extreme Weather Part
II: Forest Impacts
»» Global Temperature
Part II: Future
Projections
»» Wildfire in a Warming
World Part I: Trends &
the Role of Climate
»» Wildfire in a Warming
World Part II: Future
Outlook & Resources
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Extreme heat has a wide variety of effects on tree function from the molecular level to
the entire tree. Heat waves can have negative effects on growth that are more severe
than the same amount of heat applied as a change in average temperature. However,
trees do have some techniques that help them cope with extreme heat stress. For example, some species will keep their stomata open to increase cooling through transpiration, even under conditions where this reduces photosynthesis and increases water
loss. Others are able to continue photosynthesizing under warmer conditions if they
are exposed to high temperatures and allowed to acclimate for a period of time.66
High temperatures also increase the speed and severity of drought stress by affecting
vapor pressure deficit (VPD)—a combination of temperature and relative humidity that
represents the ‘drying power’ of the air and is a key variable in plant water stress.67, 68, 69
Generally, the higher the VPD the more water plants lose through transpiration. VPD increases non-linearly with rising temperature, and climate models consistently predict
that VPD and temperature will increase over time, leading scientists to suggest that
rising VPD is one of the biggest threats to plant communities.68
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Floods & Heavy Precipitation
While excess water (due to flooding or water-logged soils) is on the other end of the
spectrum from severe drought, it can have similar negative consequences, especially
for species that are not well-adapted to those conditions.64 This includes (paradoxically) decreased water absorption, stomatal closure that reduces CO2 uptake and growth,
and low oxygen conditions in the soil that inhibit root respiration.64 A stark example of
the forest health impacts of flooding is The Great Flood of 1993 along the Mississippi
and Missouri Rivers. In one area of floodplain forest near St. Louis, Missouri, the long
and intense flood killed over 40% of mature trees in maple-ash and oak communities
and 60% in mixed forest. The flood had a substantial and lasting impact that changed
the composition of those bottomland forest communities.70 This kind of forest stress
is likely to increase during the next century, as we experience large flood events and
more heavy precipitation, especially in the Northeast and Midwest U.S.

Wildfire
Climate is a primary driver of fire activity—affecting both the availability and flammability of fuels.71, 72 It controls ignition and propagation in the short-term and vegetation type and productivity in the long-term73 and, while weather drives individual fire
events, it is average climate and variability that shapes fire regimes over decades and
longer.74 The increase in drought frequency and severity, which is projected for many
regions, is a particular concern because drought directly affects the severity, extent,
and frequency of wildfire.75 Overall, disturbance from novel fire regimes may hasten
the species shifts expected with climate change, making fire an important driver of
on-going ecosystem change.

What’s Limiting: Fuel or Moisture?
The impact of climate change largely depends on whether an ecosystem is more fuellimited or climate-limited.74, 76, 77 Fire activity in climate-limited systems, such as the
boreal forest, is very sensitive to temperature, so warming will especially increase fire

Fuel-Limited Ecosystem: Fire is limited by the amount of
fuel available. Often drier, more sparsely vegetated areas
that experience frequent, lower-severity wildfires Example
photo: Longleaf pine woodland in the Sandhills of North
Carolina. Photo credit: Jennifer Hushaw

Climate-Limited Ecosystem: Fire is controlled by fuel
flammability. Generally moist systems with significant
biomass that experience infrequent wildfires of greater
severity. Example photo: Spruce-Fir forest in Grand Teton
National Park. Photo credit: Jennifer Hushaw
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risk in those areas. Changing fire regimes may also flip some vegetation communities
from one type of system to the other. For example, the fire return interval in the greater
Yellowstone ecosystem is predicted to decrease to the point that some forested areas
will no longer regenerate by mid-century, instead they will convert to a new dominant
vegetation type and a fuel-limited fire regime.78

Wildfire Trends
While the global area burned by wildfires decreased slightly over the last decade and a
half,79 the general long-term trend has been toward conditions that are more conducive to fire—since 1980, the length of the average fire weather season has increased
by 19% and the land area affected by long fire weather seasons has doubled.80
In the U.S., these trends vary by region. There is ample evidence that large portions of
the West experienced more fire over the last 30 to 40 years, including more large fires,
more area burned, and longer wildfire seasons. The Northeast, in contrast, has seen a
decline in both area burned and the size of fires over the last 60 years. While increasing fuel loads have certainly contributed to wildfire risk in some places, evidence from
both modeling and observational studies suggests that changes in climate are largely
responsible for observed wildfire increases in the U.S.76, 80, 81, 82, 83

View of Aptos, California with smoke plume from the Loma Fire in the Santa Cruz mountains, Fall 2016.
Photo credit: Michael Hushaw

Future Outlook
As the world continues to warm, the probability of fire and the length of the fire season
will increase in temperate and boreal regions, while decreasing in the tropics.72, 84
The projected increase in fire potential is substantial in some cases; for example, the
annual number of fire spread days in Canada is expected to increase anywhere from
35–400% by 2050.85 Additionally, the fire regime change will be non-linear in some
northern high-latitude regions, such as Alaska, leading to dramatic increases in fire
frequency or severity once critical thresholds are crossed.86 In the continental U.S.,
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evidence points toward a general increase in fire potential in the Southwest, Rocky
Mountains, northern Great Plains, Southeast, and Pacific coast, as well as an increased potential for very large fires in historically fire-prone regions.87 The fire season
will likely begin earlier in the South, while northern regions will see an overall extension
of the season.88
A Note about Climate Change and Forest Fuels:
Fuel moisture is highly sensitive to temperature and fuel loads may become drier, even if precipitation increases, because additional moisture cannot compensate for accelerated drying caused by higher temperatures.89 This change in fuel
moisture may increase fire risk in some places, while climate-driven declines in
vegetation productivity, regeneration, and biomass accumulation will decrease
fuel loads and fire severity in others.90

Snow, Wind, & Ice Damage
Snow
As the climate warms, a decrease in the depth and duration of snowpack is generally
expected across many mid- and high-latitude, as well as high elevation, sites.91 In fact,
a decrease in the extent of snow cover across the Northern Hemisphere has already
been documented,92 along with a decrease in snow water equivalent and extreme
snowfall years in the western U.S., in particular.93 While some regions of the country have seen an increase in snowfall, more precipitation will fall as rain (rather than
snow) in the future. This will be especially true across large portions of the central and
eastern U.S.93 These changes in the amount and timing of snow cover will impact forest health and productivity in two major ways:
»» Seasonal Water Availability: The accumulation of snowpack affects groundwater
recharge and stream base flow in the summer months, so a shift toward more
winter rain may decrease water availability during the growing season. This is
especially an issue in the western U.S., where snowpack is a key component of the
seasonal water cycle.94
»» Winter Soil Temperature: Snow has an important insulating effect that modulates soil temperatures during the winter months. The loss of snow cover, as well
as an overall shortening of the snow season, will lead to more soil freezing and
more frequent freeze-thaw cycles that increase the risk of root freezing. This has
already been linked to mortality of yellow-cedar along the Pacific coast of the U.S.
and Canada, as some portions of the species range transitioned from snow to rain
dominated winters over the last century.95 This is also expected to become more
of an issue in northern hardwood forests, with experimental evidence suggesting it
will increase levels of root damage and fine root mortality, change biogeochemical
cycling, and cause delayed leaf-out for some species.96, 97, 98, 99
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Wind
Wind is an important chronic disturbance agent that shapes forests worldwide,100 but
there is a lot of uncertainty about how climate change will affect winds and storminess at a regional scale, including mixed results from global models. However, in
regions where frozen soils provide protection from wind throw via better anchorage,
the risk of uprooting and stem breakage is likely to increase as the period of the year
with unfrozen soils continues to lengthen.101, 102

Ice
Ice storms are a fairly common forest disturbance in the U.S., particularly along the
“ice belt” that runs from east Texas to New England. These icing events have direct
impacts on growth potential and an indirect influence on stand dynamics, such as
light levels and seedling establishment.103 It is likely that the ice belt will move north
and freezing rain events will become more frequent as the climate warms, which will
certainly have implications for forest disturbance and is already prompting additional
research around ice storm damage assessments.104

Biotic Disturbance
Pests & Disease
Some of the most immediate and significant climate-related impacts on our forests
will come in the form of shifting insect and disease dynamics. Being ectothermic,
insects are particularly sensitive to temperature—it directly influences their metabolic
rate, consumption, development, and timing of life history stages—and forest pathogens are similarly sensitive to both temperature and moisture.105 These organisms
can rapidly respond to climate change because of their “physiological sensitivity to
temperature, high mobility, short generation times, and high reproductive potential.”106

For more information on
this topic, see the following
Climate Smart Land
Network bulletin:
»» Forest Pests and
Climate Change
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Climate Impacts on Forest Pests and Pathogens

Dir ect

I nd irect

Higher overall temperatures (especially
milder winters), longer and warmer
growing seasons, changing snow pack,
and climate variability will directly
impact pest and pathogen population
dynamics by (generally) increasing
overwinter survival, enhancing infectiousness, increasing reproductive
rates, and accelerating organism life
cycles.105, 107

Pests will be affected indirectly via
climate-related changes in host plants
(distribution, nutritional quality, resistance, phenology, and rate of development), natural enemies, competitors,
and mutualists. An increase in abiotic
damage (from storms, drought, extreme
heat, etc.) will increase tree stress and
make hosts more susceptible to attack.
105, 106, 107
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There are hundreds of pests and pathogens, both native and introduced, which
interact with the forest ecosystems we manage. The latest research suggests that
disturbance from insects will likely increase under warmer and drier conditions, while
disturbance from pathogens will likely increase under warmer and wetter conditions in
the future.63 However, there are widely varying levels of knowledge about the physiology, life cycle, and climate niche from one organism to the next. The list of species for
which researchers have specifically addressed the question of climate impacts is fewer still. Given the lack of complete information about climate change impacts on the
catalogue of forest pests and diseases, it is useful to take a general, high-level view of
pest-climate interactions, such as the general categories of change highlighted below:
»» Asynchrony/Ecological Mismatches: Changes in seasonality may shift the timing
of developmental stages, so species that have historically been tightly linked may
no longer be in alignment. This could exacerbate or alleviate pest impacts, depending on the species involved.108
»» Range Shifts/Redistribution: Hosts and pests may become misaligned geographically due to climatically-driven changes in species ranges. Generalist pest species
will likely fare better and experience range expansion, while more specialized species will likely experience range shifts or contractions. This may be good or bad for
forest ecosystems, depending on the species and region in question.
»» Changing Pest Populations & Outbreak Frequency: Some research suggests
warming will lead primarily to pest distribution shifts (toward higher latitudes and
altitudes), rather than an increase in outbreaks. However, climate change is also
likely to amplify abiotic stressors, which creates conditions favorable for more
frequent and intense outbreaks. In particular, it is likely that warmer temperatures
will allow many herbivorous insect species to have additional generations per year,
which will increase populations and the level of herbivory.109
»» Increased Pathogen Infectiousness: Evidence suggests that increased humidity
and temperature associated with climate change will increase pathogen infection
rates.109 These organisms are generally able to evolve, adapt, and migrate more
quickly than their hosts, so their role in forest disturbance regimes will probably
increase.110
»» Increased Vulnerability in Water-Stressed Regions: Significant pest-related impacts will occur in regions with more frequent or severe drought conditions. This
is particularly true for insect groups and pathogens that typically affect waterstressed trees.110, 111, 112
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The Paleo Perspective

Around 56 million years ago (10 million years
after the dinosaurs went extinct), there was
a period of time known to scientists as the
Paleocene-Eocene Thermal Maximum (PETM).
During this time, a massive amount of organic
carbon was released into the atmosphere and
ocean, leading to a rapid rise in temperature
(geologically speaking) of 10°F over a few
thousand years, which persisted for many tens
of thousands of years before cooling again.
This event is a useful case to understand how
ecological communities respond to a significant and large-scale increase in temperature
and atmospheric carbon (although the rate

of change is still far slower than what we are
experiencing today).24 There was a massive
reorganization of plant communities, with
changes in native populations along with
new migrants,113, 114 and evidence suggests
this warming also led to increased insect
herbivory. A number of studies have documented increases in the amount, frequency,
and diversity of insect damage on foliage as
temperature increased during this interval, and
herbivory subsequently declined as temperatures cooled following the PETM.115, 116, 117 This
points toward a likely increase in damage from
insect feeding as temperatures rise today.

Invasive Species

Invasive Species—species
that are
»» non-native (or alien) to
the ecosystem under
consideration and
»» whose introduction
causes or is likely to cause
economic or environmental
harm or harm to human
health118, 119
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Invasive species have the potential to drastically alter the composition, health, and
functioning of native ecosystems, and they have been recognized as a major impact
on U.S. forest resources.120 It has been estimated that, as a group, invasives cost the
U.S. around $120 billion per year in damages and loss,121 so understanding the implications of climate change for these alien invaders is an important consideration.
Climate change has the potential to influence each stage of the invasion process, from
transport and colonization to establishment and spread.122, 123, 124 Extreme climatic
events, such as hurricanes and floods, can influence transport and colonization by
moving non-native species into new areas while simultaneously stressing native
populations and reducing their ability to fend off the new introductions.124 A changing climate will also affect the spread of invasives by changing habitat suitability and
driving species range shifts;122 for example, kudzu, privet, and cogongrass are all likely
to expand their geographic range under future climate change.125 Beyond influencing
invasion risk, climate change may also alter the severity of impact from existing invasives or the effectiveness of our management strategies for eradicating or controlling
them.122, 124 For example, there is preliminary evidence that elevated CO2 can reduce
the efficacy of glyphosate for combating some invasive species that affect agricultural
systems, such as Canada thistle.126
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Is climate change a boon or bust for terrestrial invasives?
The message about invasive species in a changing climate is mixed, with some
reason to think they will generally perform better and other evidence suggesting invasion risk will decrease. On the one hand, species that become invasive tend to have
unique characteristics that may give them a competitive advantage under changing
conditions.105 This includes short generation times, high fertility, good dispersal ability,
tolerance to a wide variety of environmental conditions, rapid growth, and a responsiveness to disturbance.127, 128 Research also suggests warming and higher CO2 will
benefit all plants, but invasives more so.129 For example, many invasive plants are
more responsive to temperature than natives, so they leaf out earlier during warmer
springs and enjoy an advantage in terms of growth and abundance.130, 131
On the other hand, changing extremes (e.g. drought, storms) may be a double-edged
sword. In some cases, extreme events will knock back invasives along with their native
counterparts,129 but in other cases these novel disturbances will increase mortality of
native trees and provide an opportunity for invasives to take hold or flourish.34, 132, 133
The overall effect of changing temperature and precipitation on invasives is not clear
across the board.127, 134 Ultimately, human influence (via international trade, nursery
stock, etc.) will most likely remain the largest factor boosting the introduction and
spread of alien species, and changes in invasion risk and severity will vary by species
and location. Current research suggests overall invasion risk will decrease across the
U.S. and portions of the Southeast will no longer be considered invasion ‘hot spots,’
but it is likely that the Northeast and Great Lakes regions will experience increasing
invasion risk as the climate changes.135

INTERACTING STRESSORS & INCREASING FOREST VULNERABILITY
This handbook summarizes a variety of ways in which a warming world will affect the
health and character of forests. Some of these changes will be positive, but many,
such as extreme heat, drought, and changing water availability, will be new or increasing sources of forest stress. A major concern is the potential for multiple stressors
to interact in a way that accelerates or intensifies forest damage. We need look no
farther than the western United States to see a clear example of this dynamic in play—
warmer temperatures combined with drought to increase forest water stress and
vulnerability to insect attack, which ultimately resulted in high levels of forest mortality
that (combined with warm, dry conditions) increased the availability and flammability
of fuel for record-breaking wildfires. When multiple stressors manifest simultaneously,
it significantly diminishes the ability of forests to resist or recover from the damage.136
Another factor is the increasing frequency of extreme events. As the interval between
many extremes begins to shorten, it will further diminish the resilience of forests.
Like a boxer in a match, it becomes progressively more difficult to get back up and
continue fighting when you are hit with powerful blows in quick succession and with
limited time for recovery in between. It is only so long before the fighter is down for
the count. Forest management can minimize the impact of these stressors and play a
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critical role in reducing the exposure and vulnerability of forests, by influencing forest
structure, composition, and species mix in a way that promotes resilience or by facilitating the transition to forest types better suited to future climate.

Wildlife
For more information on
this topic, see the following
Climate Smart Land
Network bulletins:
»» Climate Change and
Wildlife Part I: Impacts
and Management
Considerations
»» Climate Change and
Wildlife Part II: Species
Highlights
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Climate change may soon outmatch other human influence as the biggest driver of
change in wildlife and biodiversity over the coming century.137, 138 Given that forests are
home to 80% of the world’s terrestrial biodiversity,139 conserved and managed forestlands will be a key part of efforts to protect or enhance these resources. The mobility
of wildlife species allows them to respond quickly to changing conditions—shifts in
their behavior, distribution, or population are early indicators of climate change in the
field. Climate change will impact wildlife directly through changes in temperature and
water availability, and indirectly through effects on food sources, associated species,
and habitat conditions.140 The major impacts will happen via:
Transforming Habitat
»» Changes in temperature, precipitation, and underlying vegetation will transform the
habitat for many species. Extreme events may also induce shifts of entire ecosystems. Organisms with specific habitat requirements will not adapt as easily, while
generalists will fare better.
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SPECIES HIGHLIGHTS

There is a great deal of uncertainty about how
climate change will affect specific wildlife species.
Organisms higher up the trophic chain often have many
complicated interactions that determine their vitality
and geographic range—factors that can be influenced
both directly and indirectly by changing climate.
Forest Song Birds
Climate change will
alter migration patterns,
population sizes, and the
quality and availability of
habitat.
R. Routledge, Sault College,
»» Some birds have alBugwood.org. CC BY 3.0 US.
ready shifted their spring
arrival dates several days to a week early
(depending on the species), such as Blue
Jay, Eastern Towhee, Hermit Thrush,
Ruby-throated Hummingbird, and Mountain Bluebirds, for example.151, 152

P. Bolstad, Univ. of Minnesota, Bugwood.org. CC BY 3.0 US.

Deer, Moose, Elk
Climate change will affect population
dynamics, range limits, habitat selection,
browsing/foraging behavior, and disease
outbreaks.
»» Deer populations will likely increase,
especially in the northerly part of their
range,141, 142 but changing conditions may
increase the overall extent and severity of
hemorrhagic disease outbreaks.143, 144

Game Birds
Climate change may
affect habitat suitability
and availability, breeding
success, and population
dynamics—positive and
negative projections vary
from species to species.

»» Moose will likely exhibit northward range
contraction,145, 146 some population declines,143, 144 and behavioral changes (e.g.
habitat selection) to alleviate heat stress in
the southern parts of their range.144, 147, 148

USFS, SRS, Bugwood.org.
CC BY-NC 3.0 US.

»» Several grouse species are projected to
decrease or shift northward,143, 153 while
Wild Turkey, Northern bobwhite, and Sage
Grouse may increase in the future.143, 154, 155

»» Changes in snowpack will alter the
browsing patterns of moose and elk.149, 150
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Shifts in Timing/Seasonal Changes
»» Changes in seasonality (e.g. shorter winters, earlier springs) may put important
species relationships out-of-sync, such as pollinator-plant, predator-prey, and
host-parasite relationships. These changes can also affect the availability of food
sources for migrating species and the optimal timing of reproduction for certain
organisms.
Range Shifts/Migration
»» More mobile species will ‘follow’ their optimal climate conditions into new regions.
As species ranges shift over time, we will see natural communities, species associations, and interactions that are entirely novel.
Spreading Pests and Disease
»» Climate-induced species shifts are expected to increase the frequency of new hostparasite associations and emerging infectious diseases, as new species come in
contact with each other.156 This has implications for the health of human and wildlife populations. Warmer temperatures may also increase pathogens within intermediate hosts and vectors, or increase survival of animals that harbor disease.157
As the climate changes, many species will find that their current habitat is outside
their climate niche—the full range of temperature and precipitation conditions in which
they normally occur—and in order to adapt they must change where, when, or how
they operate.
Where: Species can respond spatially by shifting their range and following their
optimal climate conditions.
What makes wildlife
species resilient to climate
change?
Some organisms will
certainly benefit from the
coming changes, while
others may decline or even
go extinct—depending (in
large part) on the unique
responses of individual
species and populations.
The least at-risk species
will be generalists that
have a broad geographic
range and tolerance level,
high degree of phenotypic
plasticity and genetic
variability, short life cycle,
high fertility, and good
dispersal capability.140
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When: Species can respond temporally by changing their phenology, e.g. shifting
the timing of key life cycle events.
How: Species can respond physiologically or behaviorally by developing tolerance
to warmer/drier conditions or changing their diet, activity, or energy budget.137
In the short-term, these changes can happen through altered gene expression (i.e.
phenotypic plasticity), while in the long-term they will happen through evolution, but
the rate of climate change may still be faster than the pace at which many species
can effectively adapt.

Observed Change and Future Outlook
Observations of change in species ranges, abundance, and phenology indicate that
climate change has already left a discernable fingerprint on the Earth’s biodiversity.
In fact, the Intergovernmental Panel on Climate Change concluded (with high confidence) that: “Many terrestrial, freshwater, and marine species have shifted their
geographic ranges, seasonal activities, migration patterns, abundances, and species
interactions in response to ongoing climate change.”158 A large fraction of species
face extinction risk that will increase with the magnitude and rate of climate change.
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Slower, natural climate changes in the Earth’s past led to major ecosystem shifts
and extinctions, so we expect to see similar processes at work under current warming.158 There has been a lot of research into the question of species loss under climate
change. Researchers use a wide variety of modeling techniques—from the relatively
simple approach of calculating a species’ current climate niche and seeing where it
will be in the future, to capturing ecological processes or incorporating detailed physiological data. Each approach has its strengths and weaknesses, but most indicate
“alarming consequences for biodiversity.”137 There will also be significant time-lags in
species response (e.g. decades to centuries for vegetation), which can make it easy to
underestimate the amount of change at any given time.159

Uncertainty: What We Know & What We Don’t
What We Know
»» The biggest and most immediate forest impacts are likely to be from:
• Changing pest and disease dynamics
• Extreme climate and weather events
»» Hotter drought will increase forest stress and vulnerability to other stressors, such
as insect attack.
»» The distribution of individual tree species will change, as well as their relative abundance and competitiveness.

For more information on
this topic, see the following
Climate Smart Land
Network bulletin:
»» Certainty and
Uncertainty in Climate
Change and Forest
Response Part II: The
Forest Response

»» Tree species will respond independently to changing conditions, rather than as
cohesive forest types.
»» Individual genotypes (within species) may have different (and sometimes divergent) responses to changing conditions.
»» Forests will benefit from longer growing seasons and higher atmospheric CO2.
»» Disturbance regimes are likely to change, altering forest structure and composition
in the long term.
»» Many of the aforementioned changes are already underway; initial impacts have
been documented throughout the globe.

What We Don’t
Even if we could perfectly predict the details of future climate change, there would still
be uncertainty about how natural systems will respond. The following list highlights
some of the major ‘unknowns’ in anticipating forest ecosystem response:
»» Exactly how, when, and where will forest migration happen?
• We don’t know the physiological limits, tolerances, and life history traits of all
species, or have a good understanding of how changes in relative competitiveness will play out. While we know species will shift over time (based on
modeling and paleoecological evidence), we still do not know exactly where,
how quickly, and to what degree our forests will change in the near-term.
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»» How much will forests benefit from higher CO2?
• Higher ambient CO2 levels can increase plant growth and improve water-use
efficiency, but the magnitude of these effects, species-specific responses, and
the potential for gains to be offset by losses in productivity due to heat stress
or other climate-related factors remains uncertain.
»» What role will adaptive capacity and epigenetics play in reducing forest
vulnerability?
• The latest genetics research has revealed that gene expression can be influenced by environmental factors and those changes can sometimes be inherited by offspring (a phenomenon known as epigenetics). This has important
implications for the adaptability and potential plasticity of different tree species in a novel climate. It suggests that some species may be more resilient to
change than we might expect based on their current response to stress, since
new environmental conditions can stimulate changes in gene expression that
create a different response. For example, some research has shown that a
parent plant exposed to repeated drought conditions can produce offspring
that express more drought tolerance.160, 161 However, the role of epigenetics
and overall genetic diversity in conferring adaptive capacity and shaping plant
population response to climate change is uncertain and remains an emerging
area of research.
»» How will pest and disease pressures change?
• Climate change will affect pest populations in ways that may help or hurt forests, depending on the species and region in question. While the interaction of
changing climate with insects and diseases (both native and invasive) is likely
to create some of the most immediate climate-related impacts, there is still
limited knowledge about the life cycle, population dynamics, and environmental tolerance of many pests, including considerable uncertainty about how
they will fare in a changing climate.
»» To what degree will extreme events drive forest change?
• It is recognized that extreme events, such as drought, fire, and strong coastal
storms, are likely to have an outsized influence on forest health and succession in coming decades. However, the extent of potential forest mortality or
damage from these events is difficult to predict for any given region.

2.24

© Manomet / Climate change & Forestry handbook / Part 2

Endnotes
1

2

3

4

5

Dictionary.com. “paleoecology,” in The American Heritage®
Science Dictionary. Source location: Houghton Mifflin
Company. Available online at http://www.dictionary.com/
browse/paleoecology; last accessed Dec. 3, 2017.
Dawson, T.P., Jackson, S.T., House, J.I., Prentice, I.C., and
G.M. Mace. 2011. Beyond Predictions: Biodiversity Conservation in a Changing Climate. Science. 332(6025):53-58.
doi: 10.1126/science.120030.
Davis, M.B. and R.G. Shaw. 2001. Range Shifts and Adaptive Responses to Quaternary Climate Change. Science.
292(5517):673-679.
Jacobson, G.L., T. Webb III, and E.C. Grimm. 1987. “Chapter
13: Patterns and Rates of Vegetation Change during the
Deglaciation of Eastern North America.” In The Geology of
North America - North America and Adjacent Oceans during
the Last Deglaciation, K-3:277–88. Boulder, Colorado: Geological Society of America.
Shuman, B., P. Newby, Y. Huang, and T. Webb III. 2004.
Evidence for the Close Climatic Control of New England
Vegetation History. Ecology. 85(5): 1297–1310. doi:
10.1890/02-0286.

6

Williams, J.W., Post, D.M., Cwynar, L.C., Lotter, A.F., and
A.J. Levesque. 2002. Rapid and widespread vegetation
responses to past climate change in the North Atlantic
region. Geology. 30(11):971-974.

7

Jackson, S.T., Betancourt, J.L., Booth, R.K., and S.T. Gray.
2009. Ecology and the ratchet of events: Climate variability, niche dimensions, and species distributions. Proc. Natl.
Acad. Sci. 106:19685-19692.

8

9

10

11

Ammann, B., van Leeuwen, J.F.N., van der Knaap, W.O.,
Lischke, H., Heiri, O., and W. Tinner. 2013. Vegetation
responses to rapid warming and to minor climatic fluctuations during the Late-Glacial Interstadial (GI-1) at Gerzensee (Switzerland). Palaeogeography, Palaeoclimatology,
Palaeoecology. 391,Part B:40-59.
Birks, H.H. 2015. South to north: Contrasting late-glacial and
early-Holocene climate changes and vegetation responses
between south and north Norway. Holocene. 25:37-52.
North American Pollen Database. Illinois State Museum,
Springfield, Illinois, USA, and National Geophysical Data
Center, Boulder, Colorado, USA. Images available online
at https://www1.ncdc.noaa.gov/pub/data/paleo/pollen/
viewer/; last accessed Feb. 23, 2018.

12

Root, T.L., Price, J.T., Hall, K.R., Schneider, S.H., Rosenzweig,
C., and J.A. Pounds. 2003. Fingerprints of global warming
on wild animals and plants. Nature. 421:57-60.

13

Parmesan, C. and G. Yohe. 2003. A globally coherent fingerprint of climate change impacts across natural systems.
Nature. 421:37-42.

14

Parmesan, C. 2006. Ecological and Evolutionary Responses
to Recent Climate Change. Annu. Rev. Ecol. Evol. Syst.
37:637-669.

15

Chen, I-C., Hill, J.K., Ohlemüller, R., Roy, D.B., and C.D. Thomas. 2011. Rapid Range Shifts of Species Associated with
High Levels of Climate Warming. Science. 333:1024-1026.

16

Fei, S., Desprez, J.M., Potter, K.M., Jo, I., Knott, J.A., and
C.M. Oswalt. 2017. Divergence of species responses to
climate change. Science Advances. 3:e1603055.

17

Lenoir, J., Gégout, J.C., Marquet, P.A., de Ruffray, P., and H.
Brisse. 2008. A Significant Upward Shift in Plant Species Optimum Elevation During the 20th Century. Science.
320:1768-1771.

18

Beckage, B., Osborne, B., Gavin, D.G., Pucko, C., Siccama, T.,
and T. Perkins. 2008. A rapid upward shift of a forest ecotone during 40 years of warming in the Green Mountains of
Vermont. Proc. Natl. Acad. Sci. 105(11):4197-4202.Woodall,
C.W., Oswalt, C.M., Westfall, J.A., Perry, C.H., Nelson, M.D.,
and A.O. Finley. 2009. An indicator of tree migration in
forests of the eastern United States. Forest Ecology and
Management. 257:1434-1444.

19

Woodall, C.W., Oswalt, C.M., Westfall, J.A., Perry, C.H.,
Nelson, M.D., and A.O. Finley. 2009. An indicator of tree
migration in forests of the eastern United States. Forest
Ecology and Management. 257:1434-1444.

20

Wright, D.H., Nguyen, C.V., and S. Anderson. 2016. Upward
shifts in recruitment of high-elevation tree species in the
northern Sierra Nevada, California. California Fish and
Game. 102(1):17-31.

21

Soja, A.J., Tchebakova, N.M., French, N.H.F., Flannigan,
M.D., Shugart, H.H., Stocks, B.J., Sukhinin, A.I., Parfenova,
E.I., Chapin III, F.S., and P.W. Stackhouse Jr. 2007. Climateinduced Boreal Forest Change: Predictions versus Current
Observations. Global and Planetary Change. 56(3-4):274296.

22

Feeley, K.J., Silman, M.R., Bush, M.B., Farfan-Rios, W.,
Cabrera, K.G., Malhi, Y., Meir, P., Salinas, N., Raurau-quisiyupanqui, M.N., and S. Saatchi. 2011. Upslope migration of
Andean trees. Journal of Biogeography. 38(4): 783-791

Williams, J.W., Shuman, B.N., Webb, T. III, Bartlein, P.J., and
P.L. Leduc. 2004. Late Quaternary vegetation dynamics in
North America: Scaling from taxa to biomes. Ecological
Monographs. 74:309-334.

© Manomet / Climate change & Forestry handbook / Part 2

2.25

23

Crimmins, S.M., Dobrowski, S.Z., Greenberg, J.A., Abatzoglou, J.T., and A.R. Mynsberge. 2011. Changes in Climatic
Water Balance Drive Downhill Shifts in Plant Species’
Optimum Elevations. Science. 331(6015):324-327.

24

Williams, J.W. and K. Burke. (in press). Past abrupt changes
in climate and terrestrial ecosystems. In: Climate Change
and Biodiversity. T. Lovejoy and L. Hannah. (Eds.)

25

Pearson, R.G. 2006. Climate change and the migration
capacity of species. TRENDS in Ecology and Evolution.
21(3):111-113.

26

27

28

2.26

Iverson, L. and D. McKenzie. February, 2014. Climate Change
and Species Distribution. U.S. Department of Agriculture,
Forest Service, Climate Change Resource Center. Available
online at www.fs.usda.gov/ccrc/topics/species-distribution; last accessed Apr. 28, 2016.
Ordonez, A. and J.W. Williams. 2013. Climatic and biotic
velocities for woody taxa distributions over the last 16,000
years in eastern North America. Ecology Letters. 16:773781.
Feurdean, A., Bhagwat, S.A., Willis, K.J., Birks, H.J.B.,
Lischke, H., and T. Hickler. 2013. Tree Migration-Rates:
Narrowing the Gap between Inferred Post-Glacial Rates
and Projected Rates. PLoS One. 8(8):e71797. doi:10.1371/
journal.pone.0071797.

29

McLachlan, J.S., Clark, J.S., and P.S. Manos. 2005. Molecular indicators of tree migration capacity under rapid
climate change. Ecology. 86:2088-2098.

30

Williams, J.W. and S.T. Jackson. 2007. Novel climates, noanalog communities, and ecological surprises. Front. Ecol.
Environ. 5(9):475-482. doi:10.1890/070037.

31

Loarie, S.R., Duffy, P.B., Hamilton, H., Asner, G.P., Field, C.B.,
and D.D. Ackerly. 2009. The velocity of climate change.
Nature. 462:1052-1055.

32

Farrior, C.E., Dybzinski, R., Levin, S.A., and S.W. Pacala.
2013. Competition for Water and Light in Closed-Canopy
Forests: A Tractable Model of Carbon Allocation with
Implications for Carbon Sinks. The American Naturalist.
181(3):314–30.

33

McDowell, N., Pockman, W.T., Allen, C.D., Breshears, D.D.,
Neil Cobb, Thomas Kolb, Jennifer Plaut, et al. 2008. Mechanisms of Plant Survival and Mortality during Drought:
Why Do Some Plants Survive While Others Succumb to
Drought? New Phytologist. 178(4):719–39. doi:10.1111/
j.1469-8137.2008.02436.x.

34

Allen, C.D., Macalady, A.K., Chenchouni, H., Bachelet, D.,
McDowell, N., Vennetier, M., Kitzberger, T., Rigling, A., Breshears, D.D., Hogg, E.H., Gonzalez, P., Fensham, R., Zhang,
Z., Castro, J., Demidova, N., Lim, J-H., Allard, G., Running,
S.W., Semerci, A., and N. Cobb. 2010. A Global Overview
of Drought and Heat-Induced Tree Mortality Reveals
Emerging Climate Change Risks for Forests. Forest Ecology and Management. 259(4):660–84. doi:http://dx.doi.
org/10.1016/j.foreco.2009.09.001.

35

Hartmann, H., Adams, H.D., Anderegg, W.R.L., Jansen, S.
and M.J.B. Zeppel. 2015. Research Frontiers in DroughtInduced Tree Mortality: Crossing Scales and Disciplines.
New Phytologist. 205(3):965–69. doi:10.1111/nph.13246.

36

Worrall, J.J., Rehfeldt, G.E., Hamann, A., Hogg, E.H., Marchetti, S.B., Michaelian, M., and L.K. Gray. 2013. Recent
Declines of Populus Tremuloides in North America Linked
to Climate. Forest Ecology and Management. 299(0):35–51.
doi:http://dx.doi.org/10.1016/j.foreco.2012.12.033.

37

USDA Forest Service. 2015. Forest Health Protection Survey: Aerial Detection Survey April 15th-17th, 2015. Available online at http://www.sierranevada.ca.gov/our-work/
docs/southsierrasdroughtsurveyapr2015.pdf.

38

McIntyre, P.J., Thorne, J.H., Dolanc, C.R., Flint, A.L., Flint,
L.E., Kelly, M., and D.D. Ackerly. 2015. Twentieth-Century
Shifts in Forest Structure in California: Denser Forests,
Smaller Trees, and Increased Dominance of Oaks.
Proc. Natl. Acad. Sci. 112(5):1458–63. doi:10.1073/
pnas.1410186112.

39

Breshears, D.D., Myers, O.B., Meyer, C.W., Barnes, F.J., Zou,
C.B., Allen, C.D., McDowell, N.G., and W.T. Pockman. 2008.
Tree Die-off in Response to Global Change-Type Drought:
Mortality Insights from a Decade of Plant Water Potential
Measurements. Frontiers in Ecology and the Environment.
7(4):185–89. doi:10.1890/080016.

40

Allen, C.D., Breshears, D.D., and N.G. McDowell. 2015. On
underestimation of global vulnerability to tree mortality
and forest die-off from hotter drought in the Anthropocene.
Ecosphere. 6(8):129. doi:http://dx.doi.org/10.1890/ES1500203.1.

41

Shuman, B. N. 2012. Patterns, processes, and impacts of
abrupt climate change in a warm world: the past 11,700
years. WIREs Climate Change. doi: 10.1002/wcc.152.

42

Oswald, W.W. and D.R. Foster. 2011. Middle-Holocene
dynamics of Tsuga Canadensis (eastern hemlock) in northern New England, USA. The Holocene. 21(1):71-78.

43

Pederson, N., Dyer, J.M., McEwan, R.W., Hessl, A.E., Mock,
C.J., Orwig, D.A., Rieder, H.E., and B.I. Cook. 2014. The
legacy of episodic climatic events in shaping temperate,
broadleaf forests. Ecological Monographs. 84(4):599-620.

© Manomet / Climate change & Forestry handbook / Part 2

44

45

46

Zhu, Z., Piao, S., Myneni, R.B., Huang, M., Zeng, Z., Canadell,
J.G., Ciais, P., Sitch, S., Friedlingstein, P., Arneth, A., Cao,
C., Cheng, L., Kato, E., Koven, C., Li, Y., Lian, X., Liu, Y., Liu,
R., Mao, J., Pan, Y., Peng, S., Peñuelas, J., Poulter, B., Pugh,
T.A.M., Stocker, B.D., Viovy, N., Wang, X., Wang, Y., Xiao, Z.,
Yang, H., Zaehle, S., and N. Zeng. 2016. Greening of the
Earth and its drivers. Nature Climate Change. 6:791-796.
doi:10.1038/NCLIMATE3004.
Campbell, J.E., Berry, J.A., Seibt, U., Smith, S.J., Montzka,
S.A., Launois, T., Belviso, S., Bopp, L., and M. Laine. 2017.
Large historical growth in global terrestrial gross primary
production. Nature. 544:84-87. doi:10.1038/nature22030.
Jackson, R.B., Lechowicz, M.J., Li, X., and H.A. Mooney.
2001. Phenology, growth, and allocation in global terrestrial productivity. In: Terrestrial Global Productivity: Past,
Present, and Future. Saugier, B., Roy, J., and Mooney, H.A.
(Eds.) Academic: San Diego, CA, pp. 61-82.

47

Taub, D. 2010. Effects of Rising Atmospheric Concentrations of Carbon Dioxide on Plants. Nature Education Knowledge. 3(10):21

48

Drake, B.L., Hanson, D.T., Lowrey, T.K., and Z.D. Sharp. 2017.
The carbon fertilization effect over a century of anthropogenic CO2 emissions: higher intracellular CO2 and more
drought resistance among invasive and native grass
species contrasts with increased water use efficiency for
woody plants in the US Southwest. Global Change Biology.
23:782-792. doi:10.1111/gcb.13449.

49

Reyer, C., Lasch-Born, P., Suckow, F., Gutsch, M., Murawski,
A., and T. Pilz. 2014. Projections of regional changes in
forest net primary productivity for different tree species
in Europe driven by climate change and carbon dioxide.
Annals of Forest Science. 71:211-225. doi:10.1007/s13595013-0306-8.

50

Reyer, C. 2015. Forest Productivity Under Environmental
Change—a Review of Stand-Scale Modeling Studies. Curr
Forestry Rep. 1:53-68. doi:10.1007/s40725-015-0009-5.

51

Yue, C., Kahle, H-P., von Wilpert, K., and U. Kohnle. 2016.
A dynamic environment-sensitive site index model for
the prediction of site productivity potential under climate
change. Ecological Modelling. 337:48-62. doi:http://dx.doi.
org/10.1016/j.ecolmodel.2016.06.005.

52

Hlásny, T., Trombik, J., Bošel’a, M., Merganic, J., Marušák,
R., Šebeň, V., Stěpánek, P., Kubišta, J., and M. Trnka. 2017.
Climatic drivers of forest productivity in Central Europe.
Agricultural and Forest Meteorology. 234-235:258-273.
doi:http://dx.doi.org/10.1016/j.agrformet.2016.12.024.

53

Antón-Fernández, C., Mola-Yudego, B., Dalsgaard, L., and R.
Astrup. 2016. Climate-sensitive site index models for Norway. Can. J. For. Res. 46:794-803. doi:dx.doi.org/10.1139/
cjfr-2015-0155.

54

Charney, N.D., Babst, F., Poulter, B., Record, S., Trouet, V.M.,
Frank, D., Enquist, B.J., and M.E.K. Evans. 2016. Observed
forest sensitivity to climate implies large changes in 21st
century North American forest growth. Ecology Letters.
19(9):1119-1128. doi:10.1111/ele.12650.

55

Jiang, H., Radtke, P.J., Weiskittel, A.R., Coulston, J.W., and
P.J. Guertin. 2015. Climate- and soil-based models of site
productivity in eastern US tree species. Can. J. For. Res.
45:325-342.

56

Girardin, M.P., Bouriaud, O., Hogg, E.H., Kurz, W., Zimmermann, N.E., Metsaranta, J.M., de Jong, R., Frank, D.C.,
Esper, J., Büntgen, U., Jing Guo, X., and J. Bhatti. 2016.
No growth stimulation of Canada’s boreal forest under
half-century of combined warming and CO2 fertilization.
Proc. Natl. Acad. Sci. 113(52):E8406–E8414. doi:10.1073/
pnas.1610156113.

57

Tei, S., Sugimoto, A., Yonenobu, H., Matsuura, Y., Osawa,
A., Sato, H., Fujinuma, J., and T. Maximov. 2017. Tree-ring
analysis and modeling approaches yield contrary response
of circumboreal forest productivity to climate change.
Global Change Biology. 23(12):5179-5188. doi:10.1111/
gcb.13780.

58

Ge, Z-M., Kellomäki, S., Peltola, H., Zhou, X., Wang, K-Y., and
H. Väisänen. 2011. Impacts of changing climate on the
productivity of Norway spruce dominant stands with a
mixture of Scots pine and birch in relation to water availability in southern and northern Finland. Tree Physiology.
31:323-338. doi:10.1093/treephys/tpr001.

59

Perry, L.G., Shafroth, P.B., Blumenthal, D.M., Morgan, J.A.,
and D.R. LeCain. 2013. Elevated CO2 does not offset
greater water stress predicted under climate change for
native and exotic riparian plants. New Phytologist. 197:532543. doi:10.1111/nph.12030.

60

Norby, R.J., Warren, J.M., Iversen, C.M., Medlyn, B.E., and
R.E. McMurtrie. 2010. CO2 enhancement of forest productivity constrained by limited nitrogen availability. Proc. Natl.
Acad. Sci. 107(45):19368-19373.

61

Reyer, C.P.O., Bathgate, S., Blennow, K., Borges, J.G.,
Bugmann, H., Delzon, S., Faias, S.P., Garcis-Gonzalo, J.,
Gardiner, B., Gonzalez-Olabarria, J.R., Gracia, C., Hernández, J.G., Kellomäki, S., Kramer, K., Lexer, M.J., Lindner,
M., van der Maaten, E., Maroschek, M., Muys, B., Nicoll, B.,
Palahi, M., Palma, J.H.N., Paulo, J.A., Peltola, H., Pukkala,
T., Rammer, W., Ray, D., Sabaté, S., Schelhaas, M-J., Seidl,
R., Temperli, C., Tomé, M., Yousefpour, R., Zimmermann,
N.E., and M. Hanewinkel. 2017. Are forest disturbances
amplifying or canceling out climate change-induced productivity changes in European forests? Environ. Res. Lett.
12:034027. doi:10.1088/1748-9326/aa5ef1.

62

Turner, M.G. 2010. Disturbance and landscape dynamics in
a changing world. Ecology. 91(10):2833–2849.

© Manomet / Climate change & Forestry handbook / Part 2

2.27

63

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi,
M., Vacchiano, G., Wild, J., Ascoli, D., Petr, M., Honkaniemi,
J., Lexer, M.J., Trotsiuk, V., Mairota, P., Svoboda, M., Fabrika,
M., Nagel, T.A., and C.P.O. Reyer. 2017. Forest disturbances
under climate change. Nature Climate Change. 7:395-402.

64

Reyer, C.P.O., Leuzinger, S., Rammig, A., Wolf, A., Bartholomeus, R.P., Bonfante, A., de Lorenzi, F., Dury, M.,
Gloning, P., Aboujaoudé, R., Klein, T., Kuster, T.M., Martins,
M., Niedrist, G., Riccardi, M., Wohlfahrt, G., de Angelis, P., de
Dato, G., François, L., Menzel, A., and M. Pereira. 2013. A
plant’s perspective of extremes: terrestrial plant responses
to changing climatic variability. Global Change Biology.
19:75-89. doi:10.1111/gcb.12023.

65

66

67

68

69

2.28

73

Urbieta, I.R., Zavala, G., Bedia, J., Gutiérrez, J.M., San
Miguel-Ayanz, J., Camia, A., Keeley, J.E., and J.M. Moreno.
2015. Fire activity as a function of fire-weather seasonal
severity and antecedent climate across spatial scales in
southern Europe and Pacific western USA. Environ. Res.
Lett. 10:114013.

74

Whitlock, C., Higuera, P.E., McWethy, D.B., and C.E. Briles.
2010. Paleoecological Perspectives on Fire Ecology: Revisiting the Fire-Regime Concept. The Open Ecology Journal.
3:6-23.

75

Fischer, E.M. and R. Knutti. 2015. Anthropogenic contribution to global occurrence of heavy-precipitation and hightemperature extremes. Nature Climate Change. 5(6):560564. doi:10.1038/NCLIMATE2617.

Littell, J.S., Peterson, D.L., Riley, K.L., Liu, Y., Luce, C.H. 2016.
A review of the relationships between drought and forest
fire in the United States. Global Change Biology. 22:23532369.

76

Teskey, R., Wertin, T., Bauweraerts, I., Ameye, M., McGuire,
M.A., and K. Steppe. 2014. Responses of Tree Species to
Heat Waves and Extreme Heat Events. Plant, Cell & Environment. 38(9):1699–1712. doi:10.1111/pce.12417.

Littell, J.S., McKenzie, D., Peterson, D.L., A.L. Westerling. 2009. Climate and wildfire area burned in western
U.S. ecoprovinces, 1916-2003. Ecological Applications.
19(4):1003-1021.

77

Steel, Z.L., Safford, H.D., and J.H. Viers. 2015. The fire
frequency-severity relationship and the legacy of fire suppression in California forests. Ecosphere. 6(1): Article 8,
23pp. doi:10.1890/ES14-00224.1.

78

Westerling, A.L., Tumer, M.G., Smithwick, E.A.H., Romme,
W.H., and M.G. Ryan. 2011. Continued warming could
transform Greater Yellowstone fire regimes by mid-21st
century. Proc. Natl. Acad. Sci. 108(32):13165-13170.

79

Giglio, L., Randerson, J.T., and G.R. van der Werf. 2013.
Analysis of daily, monthly, and annual burned area using
the fourth-generation global fire emissions database
(GFED4). Journal of Geophysical Research: Biogeosciences.
118:317-328.

80

Jolly, W.M., Cochrane, M.A., Freeborn, P.H., Holden, Z.A.,
Brown, T.J., Williamson, G.J., and D.M.J.S. Bowman.
2015. Climate-induced variations in global wildfire danger
from 1979 to 2013. Nature Communications. 6:7537.
doi:10.1038/ncomms8537.

81

Westerling, A.L., Hidalgo, H.G., Cayan, D.R., and T.W. Swetnam. 2006. Warming and Earlier Spring Increase Western
U.S. Forest Wildfire Activity. Science. 313:940-943.

82

Westerling, A.L. 2016. Increasing western US forest wildfire
activity: sensitivity to changes in the timing of spring. Phil.
Trans. R. Soc. B. 371:20150178.

83

Attiwill, P. and D. Binkley. 2013. Editorial: Exploring the
mega-fire reality: A ‘Forest Ecology and Management’ conference. Forest Ecology and Management. 294: 1-3.

84

Flannigan, M.D., Krawchuk, M.A., de Groot, W.J., Wotton,
B.M., and L.M. Gowman. 2009. Implications of changing
climate for global wildland fire. International Journal of
Wildland Fire. 18:483-507.

Breshears, D.D., Adams, H.D., Eamus, D., McDowell, N.G.,
Law, D.J., Will, R.E., Williams, A.P., and C.B. Zou. 2013. The
critical amplifying role of increasing atmospheric moisture
demand on tree mortality and associated regional die-off.
Frontiers in Plant Science. 4(266):1-4.
McDowell, N.G., Williams, A.P., Xu, C., Pockman, W.T., Dickman, L.T., Sevanto, S., Pangle, R., Limousin, J., Plaut, J.,
Mackay, D.S., Ogee, J., Domec, J.C., Allen, C.D., Fisher, R.A.,
Jiang, X., Muss, J.D., Breshears, D.D., Rauscher, S.A., and
C. Koven. 2015. Multi-scale predictions of massive conifer
mortality due to chronic temperature rise. Nature Climate
Change. Advance Online Publication. doi:10.1038/NCLIMATE2873.
Williams, A.P., Allen, C.D., Macalady, A.K., Griffin, D., Woodhouse, C.A., Meko, D.M., Swetnam, T.W., Rauscher, S.A.,
Seager, R., Grissino-Mayer, H.D., Dean, J.S., Cook, E.R.,
Gangodagamage, C., Cai, M., and N.G. McDowell. 2013.
Temperature as a potent driver of regional forest drought
stress and tree mortality. Nature Climate Change. 3:292297.

70

Cosgriff, R.J., Nelson, J.C., and Y. Yin. 2007. Floodplain Forest Response to Large-Scale Flood Disturbance. Transactions of the Illinois State Academy of Science. 100(1):47-70.

71

Dennison, P.E., Brewer, S.C., Arnold, J.D., M.A. Moritz. 2014.
Large wildfire trends in the western United States, 19842011. Geophys. Res. Lett. 41:2928-2933.

72

Moritz, M.A., Parisien, M-A., Batllori, E., Krawchuk, M.A., Van
Dorn, J., Ganz, D.J., and K. Hayhoe. 2012. Climate change
and disruptions to global fire activity. Ecosphere. 3(6):49.

© Manomet / Climate change & Forestry handbook / Part 2

85

Wang, X., Thompson, D.K., Marshall, G.A., Tynstra, C., Carr,
R., and M.D. Flannigan. 2015. Increasing frequency of extreme fire weather in Canada with climate change. Climatic
Change. 130:573-586.

86

Young, A.M., Higuera, P.E., Duffy, P.A., F.S. Hu. 2016. Climatic
thresholds shape northern high-latitude fire regimes and
imply vulnerability to future climate change. Ecography.
39:001-012.

87

Liu, Y., Goodrick, S.L., and J.A. Stanturf. 2013. Future U.S.
wildfire potential trends projected using a dynamically
downscaled climate change scenario. Forest Ecology and
Management. 294:120-135.

88

Barbero, R., Abatzoglou, J.T., Larkin, N.K., Kolden, C.A.,
and B. Stocks. 2015. Climate change presents increased
potential for very large fires in contiguous United States.
International Journal of Wildland Fire. 24(7):892-899.

89

Flannigan, M.D., Wotton, B.M., Marshall, G.A., de Groot, W.J.,
Johnston, J., Jurko, N., and A.S. Cantin. 2016. Fuel moisture sensitivity to temperature and precipitation: climate
change implications. Climatic Change. 134:59-71.

90

Parks, S.A., Miller, C., Abatzoglou, J.T., Holsinger, L.M.,
Parisien, M., and S.Z. Dobrowski. 2016. How will climate
change affect wildland fire severity in the western US?
Environmental Research Letters. 11:035002.

91

Intergovernmental Panel on Climate Change. 2013. The
Physical Science Basis. Contribution of Working Group I
to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. [Stocker, T.F., Qin, D., Plattner,
G-K., Tignor, M.M.B., Allen, S.K., Boschung, J., Nauels, A.,
Xia, Y., Bex, V. and P.M. Midgley (eds.)] Cambridge University Press, Cambridge, United Kingdom and New York, NY,
USA, pp. 1-32.

92

93

Intergovernmental Panel on Climate Change. 2013. Summary for Policymakers. In: Climate Change 2013: The Physical
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change [Stocker, T.F., Qin, D., Plattner, G-K., Tignor, M., Allen,
S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V. and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA.
Easterling, D.R., Arnold, J.R., Knutson, T., Kunkel, K.E., LeGrande, A.N., Leung, L.R., Vose, R.S., Waliser, D.E. and M.F.
Wehner. 2017. Precipitation change in the United States.
In: Climate Science Special Report: A Sustained Assessment Activity of the U.S. Global Change Research Program
[Wuebbles, D.J., Fahey, D.W., Hibbard, K.A., Dokken, D.J.,
Stewart, B.C., and T.K. Maycock (eds.)]. U.S. Global Change
Research Program, Washington, DC, USA, pp. 301-335.

94

Fyfe, J.C., Derksen, C., Mudryk, L., Flato, G.M., Santer, B.D.,
Swart, N.C., Molotch, N.P., Zhang, X., Wan, H., Arora, V.K.,
Scinocca, J., and Y. Jiao. 2017. Large near-term projected
snowpack loss over the western United States. Nature
Communications. 8:14996. doi:10.1038/ncomms14996.

95

Buma, B., Hennon, P.E., Harrington, C.A., Popkini, J.R., Krapek, J., Lamb, M.S., Oakes, L.E., Saunders, S. and S. Zeglen.
2016. Emerging climate-driven disturbance processes:
widespread mortality associated with snow-to-rain transitions across 10° of latitude and half the range of a climatethreatened conifer. Global Change Biology. 23(7):2903-2914.
doi:10.1111/gcb.13555.

96

Groffman, P.M., Driscoll, C.T., Fahey, T.J., Hardy, J.P.,
Fitzhugh, R.D., and G.L. Tierney. 2001. Colder soils in a
warmer world: A snow manipulation study in a northern
hardwood forest ecosystem. Biogeochemistry. 56:135-150.

97

Hardy, J.P., Groffman, P.M., Fitzhugh, R.D., Henry, K.S., Welman, A.T., Demers, J.D., Fahey, T.J., Driscoll, C.T., Tierney,
G.L., and S. Nolan. 2001. Snow depth manipulation and its
influence on soil frost and water dynamics in a northern
hardwood forest. Biogeochemistry. 56:151-174.

98

Decker, K.L.M., Wang, D., Waite, C., and T. Scherbatskoy.
2003. Snow Removal and Ambient Air Temperature Effects. Soil Sci. Soc. Am. J. 67:1234-1243.

99

Sanders-DeMott, R., McNellis, R., Jabouri, M., and Templer,
P.H. 2017. Snow depth, soil temperature and plant–herbivore interactions mediate plant response to climate
change. Journal of Ecology. 1-12. doi:10.1111/13652745.12912.

100

Mitchell, S.J. 2013. Wind as a natural disturbance agent
in forests: a synthesis. Forestry. 86:147-157. doi:10.1093/
forestry/cps058.

101

Gregow, H., Peltola, H., Laapas, M., Saku, S., and A.
Venäläinen. 2011. Combined occurrence of wind, snow
loading and soil frost with implications for risks to forestry
in Finland under the current and changing climatic conditions. Silva Fennica. 45(1):35-54.

102

Saad, C., Boulanger, Y., Beaudet, M., Gachon, P., Ruel, J-C.,
and S. Gauthier. 2017. Potential impact of climate change
on the risk of windthrow in eastern Canada’s forests.
Climatic Change. 143:487-501. doi:10.1007/s10584-0171995-z.

103

Irland, L.C. 2000. Ice storms and forest impacts. The Science of the Total Environment. 262:231-242.

104

Rustad, L.E. and J.L. Campbell. 2012. A novel ice storm
manipulation experiment in a northern hardwood forest.
Can. J. For. Res. 42:1810-1818. doi:10.1139/X2012-120.

© Manomet / Climate change & Forestry handbook / Part 2

2.29

105

106

Weed, A.S., Ayres, M.P., and J.A. Hicke. 2013. Consequences of Climate Change for Biotic Disturbances in North
American Forests. Ecological Monographs. 83(4):441–70.
doi:10.1890/13-0160.1.

107

European Forest Institute, Univ. of Nat. Resources & Applied Life Sciences, Vienna (BOKU) - Institute of Silviculture, Institute of Forest Entomology, Forest Pathology
and Forest Protection, INRA - UMR Biodiversité Gènes et
Communautés, and Italian Academy of Forest Sciences
(IAFS). 2008. Fact Sheet No. 5, Impact Factors - Biotic
Disturbances. In: Impacts of Climate Change on European
Forests and Options for Adaptation. Report to the European Commission Directorate-General for Agriculture and
Rural Development, AGRI-2007-G4-06. Available online at
https://ec.europa.eu/agriculture/sites/agriculture/files/
external-studies/2008/euro-forests/factsheets_en.pdf; last
accessed Nov. 30. 2017.

108

DeLucia, E.H., Nabity, P.D., Zavala, J.A., and M.R. Berenbaum. 2012. Climate Change: Resetting Plant-Insect Interactions. Plant Physiology. 160(4):1677–85. doi:10.1104/
pp.112.204750.

109

Klapwijk, M.J., Ayres, M.P., Battisti, A., and S. Larsson. 2012. Assessing the Impact of Climate Change
on Outbreak Potential. In: Insect Outbreaks Revisited
[P. Barbosa, D. K. Letourneau, and A. A. Agrawal (eds.)].
John Wiley & Sons, Ltd., pp.429-50. doi:http://dx.doi.
org/10.1002/9781118295205.ch20.

110

111

112

2.30

Dukes, J.S., Pontius, J., Orwig, D., Garnas, J.R., Rodgers,
V.L., Brazee, N., Cooke, B., Theoharides, K.A., Stange, E.E.,
Harrington, R., Ehrenfeld, J., Gurevitch, J., Lerdau, M., Stinson, K., Wick, R., and M. Ayres. 2009. Responses of Insect
Pests, Pathogens, and Invasive Plant Species to Climate
Change in the Forests of Northeastern North America:
What Can We Predict? From: NE Forests 2100: A Synthesis
of Climate Change Impacts on Forests of the Northeastern US
and Eastern Canada. Canadian Journal of Forest Research.
39(2):231–48. doi:10.1139/X08-171.

Sturrock, R. N., Frankel, S. J., Brown, A.V., Hennon, P.E.,
Kliejunas, J.T., Lewis, K.J., Worrall, J.J., and A. J. Woods.
2011. Climate Change and Forest Diseases. Plant Pathology. 60(1):133–49. doi:10.1111/j.1365-3059.2010.02406.x.
Jactel, H., Petit, J., Desprez-Loustau, M-L., Delzon, S., Piou,
D., Battisti, A., and J. Koricheva. 2012. Drought Effects on
Damage by Forest Insects and Pathogens: A Meta-Analysis. Global Change Biology. 18(1):267–76. doi:10.1111/
j.1365-2486.2011.02512.x.
Jamieson, M.A., Trowbridge, A.M., Raffa, K.F., and R.L.
Lindroth. 2012. Consequences of Climate Warming and
Altered Precipitation Patterns for Plant-Insect and Multitrophic Interactions. Plant Physiology. 160(4):1719–27.
doi:10.1104/pp.112.206524.

113

Wing, S.L., Harrington, G.J., Smith, F.A., Bloch, J.I., Boyer,
D.M., and K.H. Freeman. 2005. Transient Floral Change and
Rapid Global Warming at the Paleocene-Eocene Boundary.
Science. 310(5750):993-996.

114

McInerney, F.A. and S.L. Wing. 2011. The Paleocene-Eocene Thermal Maximum: A Perturbation of Carbon Cycle,
Climate, and Biosphere with Implications for the Future.
Annu. Rev. Earth Planet. Sci. 39:489-516. doi:10.1146/
annurev-earth-040610-133431.

115

Wilf, P. and C.C. Labandeira. 1999. Response of PlantInsect Associations to Paleocene-Eocene Warming.
Science. 284(5423):2153-2156. doi:10.1126/science.284.5423.2153.

116

Wilf, P., Labandeira, C.C., Johnson, K.R., Coley, P.D., and
A.D. Cutter. 2001. Insect herbivory, plant defense, and early
Cenozoic climate change. PNAS. 98(11):6221-6226.

117

Wilf, P. 2008. Insect-damaged fossil leaves record food
web response to ancient climate change and extinction.
New Phytologist. 178(3):486-502.

118

Executive Order 13112 - Invasive Species. Feb 8, 1999.
Federal Register. 64(25):6183-6186. Available online at
https://www.gpo.gov/fdsys/pkg/FR-1999-02-08/pdf/993184.pdf; last accessed Jan. 26, 2018.

119

National Invasive Species Council. 2001. Meeting the
Invasive Species Challenge: National Invasive Species
Management Plan. 80 pp. Available online at https://www.
doi.gov/sites/doi.gov/files/migrated/invasivespecies/
upload/2001-Invasive-Species-National-Management-Plan.
pdf; last accessed Jan. 26, 2018.

120

Moser, W.K., Barnard, E.L., Billings, R.F., Crocker, S.J., Dix,
M.E., Gray, A.N., Ice, G.G., Kim, M-S., Reid, R., Rodman, S.U.,
and W.H. McWilliams. 2009. Impacts of Nonnative Invasive
Species on US Forests and Recommendations for Policy
and Management. Journal of Forestry. 107(6):320-327.

121

Pimentel, D., Zuniga, R., and D. Morrison. 2005. Update on
the environmental and economic costs associated with
alien-invasive species in the United States. Ecological
Economics. 52:273-288.

122

Hellmann, J.J., Byers, J.E., Bierwagen, B.G., and J.S. Dukes.
2008. Five Potential Consequences of Climate Change for
Invasive Species. Conservation Biology. 22(3):534-543.

123

Walther, G-R., Roques, A., Hulme, P.E., Sykes, M.T., Pyšek,
P., Kühn, I., Zobel, M., Bacher, S., Botta-Dukát, Z., Bugmann,
H., Czúcz, B., Dauber, J., Hickler, T., Jarošík, V., Kenis, M.,
Klotz, S., Minchin, D., Moora, M., Nentwig, W., Ott, J., Panov,
V.E., Reineking, B., Robinet, C., Semenchenko, V., Solarz, W.,
Thuiller, W., Vilà, M., Vohland, K., and J. Settele. 2009. Alien
species in a warmer world: risks and opportunities. Trends
in Ecology and Evolution. 24(12):686-693.

© Manomet / Climate change & Forestry handbook / Part 2

124

125

Diez, J.M., D’Antonio, C.M., Dukes, J.S., Grosholz, E.D.,
Olden, J.D., Sorte, C.J.B., Blumenthal, D.M., Bradley, B.A.,
Early, R., Ibáñez, I., Jones, S.J., Lawler, J.J., and L.P. Miller.
2012. Will extreme climatic events facilitate biological
invasions? Front. Ecol. Environ. 10(5):249-257.
Bradley, B.A., Wilcove, D.S., and M. Oppenheimer. 2010.
Climate change increases risk of plant invasion in the Eastern United States. Biological Invasions. 12(6):1855-1872.

136

Millar, C.I. and N.L. Stephenson. 2015. Temperate forest
health in an era of emerging megadisturbance. Science.
349(6250):823-826.

137

Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W., and
F. Courchamp. 2012. Impacts of climate change on the
future of biodiversity. Ecology Letters. 15:365-377.

138

Jones, K.R., Watson, J.E.M., Possingham, H.P., C.J. Klein.
2016. Incorporating climate change into spatial conservation prioritisation: A review. Biological Conservation.
194:121-130.

126

Ziska, L.H., and L.L. McConnell. 2015. Climate Change, Carbon Dioxide, and Pest Biology: Monitor, Mitigate, Manage.
Journal of Agricultural and Food Chemistry. 64:6-12.

139

127

Bradley, B.A., Blumenthal, D.M., Wilcove, D.S., and L.H.
Ziska. 2009. Predicting plant invasions in an era of global
change. Trends in Ecology and Evolution. 25(5):310-318.

World Wildlife Fund. “Forest Habitat: Overview.” Available
online at http://www.worldwildlife.org/habitats/foresthabitat; last accessed Jan. 15, 2015.

140

128

Eschtruth, A. and J.J. Battles. 2009. Assessing the relative importance of disturbance, herbivory, diversity, and
propagule pressure in exotic plant invasion. Ecological
Monographs. 79:265-280. doi:10.1890/08-0221.1.

129

Liu, Y., Oduor, A.M.O., Zhang, Z., Manea, A. Tooth, I.M.,
Leishman, M.R., Xu, X., and M. Van Kleunen. 2017. Do
invasive alien plants benefit more from global environmental change than native plants? Global Change Biology.
23(8):3363-3370. doi: 10.1111/gcb.13579.

Staudinger, M.D., Grimm, N.B., Staudt, A., Carter, S.L.,
Chapin III, F.S., Kareiva, P., Ruckelshaus, M., and B.A. Stein.
2012. Impacts of Climate Change on Biodiversity, Ecosystems, and Ecosystem Services: Technical Input to the
2013 National Climate Assessment. Cooperative Report to
the 2013 National Climate Assessment. 296 p. Available
online at http://assessment.globalchange.gov.

141

Dawe, K.L., Bayne, E.M., S. Boutin. 2014. Influence of
climate and human land use on the distribution of whitetailed deer (Odocoileus virginianus) in the western boreal
forest. Can. J. Zool. 92: 353-363.

142

Dawe, K.L. and S. Boutin. 2016. Climate change is the
primary driver of white-tailed deer (Odocoileus virginianus)
range expansion at the northern extent of its range; land
use is secondary. Ecology and Evolution. 6(18): 6435–6451.
doi: 10.1002/ece3.2316.

143

Hoving, C.L., Lee, Y.M., Badra, P.J., B.J. Klatt. 2013. Changing Climate, Changing Wildlife: A Vulnerability Assessment
of 400 Species of Greatest Conservation Need and Game
Species in Michigan. Michigan Department of Natural Resources, Wildlife Division Report No. 3564. Available online
at https://www.michigan.gov/documents/dnr/3564_Climate_Vulnerability_Division_Report_4.24.13_418644_7.
pdf.

144

National Wildlife Federation. 2013. Nowhere to Run: Big
Game Wildlife in a Warming World. Available online at
http://www.nwf.org/~/media/PDFs/Global-Warming/
Reports/NowheretoRun-BigGameWildlife-LowResFinal_110613.ashx.

145

Dou, H., Jiang, G., Stott, P., and R. Piao. 2013. Climate
change impacts population dynamics and distribution
shift of moose (Alces alces) in Heilongjiang Province of
China. Ecol. Res. 28:625-632.

146

Monteith, K.L., Klaver, R.W., Herset, K.R., Holland, A.A.,
Thomas, T.P., and M.J. Kauffman. 2015. Effects of climate
and plant phenology on recruitment of moose at the southern extent of their range. Oecologia. 178:1137-1148.

130

131

Willis, C.G.,Ruhfel, B.R., Primack, R.B., Miller-Rushing,
A.J., Losos, J.B., and C.C. Davis. 2010. Favorable Climate
Change Response Explains Non-Native Species’ Success
in Thoreau’s Woods. PLoS ONE. 5(1):e8878. doi:10.1371/
journal.pone.0008878
Wolkovich, E.M. and E.E. Cleland. 2011. The phenology of
plant invasions: A community ecology perspective. Frontiers in Ecology & the Environment. 9(5):287-294.

132

Brown, D.R., Sherry, T.W., and J. Harris. 2011. Hurricane Katrina impacts the breeding bird community in a bottomland
hardwood forest of the Pearl River basin, Louisiana. Forest
Ecology and Management. 261(1):111-119.

133

Davis, M.A., Grime, J.P., and K. Thompson. 2000. Fluctuating resources in plant communities: a general theory of
invisibility. Journal of Ecology. 88(3):528-534.

134

135

Sorte, C.J.B., Ibáñez, I., Blumenthal, D.M., Molinari, N.A.,
Miller, L.P., Grosholz, E.D., Diez, J.M., D’Antonio, C.M., Olden,
J.D., Jones, S.J., and J.S. Dukes. 2013. Poised to prosper?
A cross-system comparison of climate change effects on
native and non-native species performance. Ecology Letters. 16:261-270.
Allen, J.M. and B.A. Bradley. 2016. Out of the weeds? Reduced plant invasion risk with climate change in the continental United States. Biological Conservation. 203:306-312.

© Manomet / Climate change & Forestry handbook / Part 2

2.31

147

Melin, M., Matala, J., Mehtatalo, L., Tiilikainen, R., Tikkanen,
O., Maltamo, M., Pusenius, J., and P. Packalen. 2014.
Moose (Alces alces) reacts to high summer temperatures
by utilizing thermal shelters in boreal forests – an analysis
based on airborne laser scanning of the canopy structure
at moose locations. Global Change Biology. 20:1115-1125.

148

Street, G.M., Rodgers, A.R., and J.M. Fryxell. 2015. Midday temperature variation influences seasonal habitat
selection by moose. The Journal of Wildlife Management.
79(3):505-512.

149

2.32

Christenson, L.M., Mitchell, M.J., Groffman, P.M., G.M.
Lovett. 2014. Cascading Effects of Climate Change on Forest Ecosystems: Biogeochemical Links Between Trees and
Moose in the Northeast USA. Ecosystems. 17:442-457.

150

Brodie, J., Post, E., Watson, F., and J. Berger. 2012. Climate
change intensification of herbivore impacts on tree recruitment. Proc. R. Soc. B. 279: 1366-1370.

151

National Wildlife Federation. 2013. Shifting Skies: Migratory Birds in a Warming World. Available online at https://
www.nwf.org/~/media/PDFs/Global-Warming/Reports/
NWF_Migratory_Birds_Report_web_Final.ashx.

152

Miller-Rushing, A.J., Lloyd-Evans, T.L., Primack, R.B., and P.
Satzinger. 2008. Bird migration times, climate change, and
changing population sizes. Global Change Biology. 14:19591972. doi: 10.1111/j.1365-2486.2008.01619.x.

153

Rodenhouse, N.L., Matthews, S.N., McFarland, K.P.,
Lambert, J.D., Iverson, L.R., Prasad, A., Sillett, T.S., and
R.T. Holmes. 2008. Potential effects of climate change
on birds of the Northeast. Mitig. Adapt. Strat. Glob. Change.
13:517-540.

154

Niedzielski, B. and J. Bowman. 2015. Survival and causespecific mortality of the female eastern wild turkey at its
northern range edge. Wildlife Research. 41(7):545-551.

155

Creutzburg, M.K., Henderson, E.B., and D.R. Conklin. 2015.
Climate change and land management impact rangeland
condition and sage-grouse habitat in southeastern Oregon.
AIMS Environmental Science. 2(2):203-236.

156

Hoberg, E.P. and D.R. Brooks. 2015. Evolution in action:
climate change, biodiversity dynamics and emerging infectious disease. Philosophical Transactions B. 370:20130553.

157

US Geological Survey. 2012. Climate Change and Wildlife
Health: Direct and Indirect Effects. Fact Sheet 2010–3017,
revised 2012. Available online at https://www.nwhc.usgs.
gov/publications/fact_sheets/pdfs/Climate_Change_and_
Wildlife_Health.pdf.

158

Intergovernmental Panel on Climate Change. 2014. Summary for policymakers. In: Climate Change 2014: Impacts,
Adaptation, and Vulnerability. Part A: Global and Sectoral

Aspects. Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change [Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach,
M.D. Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O.
Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S.
MacCracken, P.R. Mastrandrea, and L.L.White (eds.)]. Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA, pp. 1-32.
159

Essl, F., Dullinger, S., Rabitsch, W., Hulme, P.E., Pyšek, P.,
Wilson, J.R.U., D.M. Richardson. 2015. Historical legacies accumulate to shape future biodiversity in an era of
rapid global change. Diversity and Distributions. 1-14. doi:
10.1111/ddi.12312.

160

Alsdurf, J., Anderson, C., and D.H. Siemens. 2015. Epigenetics of drought-induced trans-generational plasticity:
consequences for range limit development. AoB PLANTS.
8:plv146. doi:10.1093/aobpla/plv146.

161

Wang, W-S., Pan, Y-J., Zhao, X-Q., Dwivedi, D., Zhu, L-H.,
Ali, J., Fu, B-Y., and Z-K. Li. 2011. Drought-induced sitespecific DNA methylation and its association with drought
tolerance in rice (Oryza sativa L.). Journal of Experimental
Botany. 62(6):1951-1960. doi:10.1093/jxb/erq391.

© Manomet / Climate change & Forestry handbook / Part 2

Climate Change & Forestry Handbook

Part 3
Managing Forests in a
Changing Climate

© Manomet / Climate change & Forestry handbook / Part 3

3.33

Contents
3.2

Executive Summary

3.4

Introduction

3.5

Assessing Risk

3.7

Taking Action
3.7

Overview

3.13

Health & Personal Safety

3.14

Planning

3.15

Infrastructure
3.15

Access & Road Systems

3.16 	Drainage & Stream Crossings
3.16

Forest Management
3.17

Stocking

3.17

Species Mix

3.17

Age Class

3.18 	Regeneration
3.18

Stand Structure

3.18

Wildlife Management

3.18

Monitoring

3.19

Dealing with Uncertainty

3.23

Endnotes

© Manomet / Climate change & Forestry handbook / Part 3

3.1

Executive Summary
Part 3 of this Climate Change and Forestry Handbook outlines strategies for climate
change adaptation in the context of forest management, with an eye toward reducing risk, particularly in North American forests. Climate change has important consequences for the provision of forest ecosystem services to society, such as air and
water filtration, carbon sequestration, and so on, but it will also have direct impacts on
the forest industry at an operational level and in the realm of long-term planning and
decision-making.

What you need to know
»» Forest management is the key to maintaining the services provided by forests,
even as climate change presents additional stresses.
• Traditional principles of good forest management still apply, but adapting to
a dynamic future may require some adjustments to the way we design our
forest infrastructure and the species, stand structure, and harvest practices
we emphasize.
»» Climate change presents a mix of risks, opportunities, and ‘it depends’ for forests
and the forest industry in different regions.
»» Climate change adaptation in forestry is a form of risk management.
• The risks to forests are not uniform and vary depending on the probability and
intensity of a particular climate impact and the exposure and vulnerability of a
given site and forest type.
• Understanding the climate projections for your area can improve accurate
assessment of risk.
• Managers can reduce risk by decreasing forest vulnerability to various
climate-mediated stressors.
»» Climate change can be considered a new lens through which to view traditional
forest management decisions—it now belongs on the list of standard considerations.
»» Forest managers can take action to reduce exposure and vulnerability to climaterelated risks in the realms of human health, infrastructure, long-term planning,
forest management, and monitoring.
• Take precautions to reduce vulnerability of field personnel to heat stress and
mosquito- and tick-borne illnesses.
• Design forest road systems and stream crossings to withstand heavier
precipitation events and less frequent frozen ground.

3.2
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• Incorporate climate change concerns into management plans, focus
resources on resilient areas, plan for changing disturbance patterns, and
consider acquiring forest crop insurance to protect against loss.
• Use forest management activities to alter stocking, species mix, age class
distribution, regeneration, stand structure, and fire frequency in ways that
increase the resilience of forests and/or create forests better-suited to future
conditions.
• Implement forest monitoring to reduce uncertainty and inform decision-making.
• Stay informed about the latest science and collaborate with colleagues.
»» Uncertainty about the exact timing, extent, and severity of future climate impacts
is a challenge, but should not be a barrier to taking action.
• It is important to differentiate areas where the science is relatively certain
from those where it is not. Some aspects of the science and future projections are known with confidence and these can be the basis for sound decision-making.
• It is possible to embrace uncertainty by focusing on ‘no regrets’ management
strategies designed to improve forest resilience in the long-term (whatever the
future may bring).
»» There is no one right way to manage for climate change; managers should consider a spectrum of options depending on management objectives, risk tolerance, and planning horizon.
• A deterministic management approach aims to produce future-adapted
forests by improving the ability of the forest to resist or tolerate changing
conditions.
• An indeterministic approach focuses on making forests more adaptable to an
uncertain future through increased resilience and flexibility.
• Each approach is equally valid and they are not mutually exclusive; managers
will likely use some of each.
»» Forests play a key role in mitigating climate change as a source of sustainable
products and one of the world’s largest carbon sinks.
• A warming climate brings countervailing changes that have the potential to
enhance or inhibit carbon sequestration by forests—some regions will increase sequestration, while others will transition from carbon sinks to sources
due to climate-related stressors, such as drought and wildfire.
• Forest management has an important role to play in maximizing the climate
regulation services provided by forests.
»» Carbon is a new type of forest product that can be managed and sold in both
regulatory and voluntary carbon markets; this is a new opportunity that may be
of interest to some landowners.
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Introduction
Parts 1 and 2 of this Handbook describe how the climate is changing and what it
means for the health, productivity, and composition of forests. Climate change is
multiplying the sources of forest stress by creating new issues (e.g. more frequent
extreme events) and worsening historic stressors (e.g. hotter droughts, changing pest
pressure). By carefully tracking these trends, it will be possible for forest managers to
leverage some of these changes toward increased productivity and greater resilience
from both an ecosystem and enterprise perspective.
While we cannot eliminate the inherent uncertainty in predicting exactly how things
will change, the following sections discuss the best ways to reduce it. This includes
gathering insights from research, closely monitoring the change (or lack thereof) on
our lands and the surrounding landscape, and engaging in on-going conversation and
collaboration with colleagues in the forestry community. The traditional principles
of good forest management still apply, but adjusting to a dynamic future will require
some new considerations with regard to the species, stand structure, and harvest
practices we emphasize; the way we design our forest infrastructure; and others.

Climate change presents a mix of risks, opportunities, and “it depends” for managed forests.
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Assessing Risk
It is useful to think of climate change adaptation as a form of risk management. Climate change poses numerous threats to forest health and productivity (see Handbook
Part 2), but the risk is not uniform—forests are not equally at risk in all places and at all
times. Rather, the degree of risk depends on several factors:
»» Probability – likelihood that a particular climate impact or extreme event will
occur
»» Intensity – magnitude and/or duration of the impact
»» Exposure – degree of exposure to the risk, in terms of space and/or time
»» Vulnerability – susceptibility, sensitivity, degree of resilience, or capacity to cope
with/adapt to a particular climate impact or extreme event1
Breaking risk into its component parts reveals which factors contribute the most and
the best ways to reduce it.

PROBABILITY and INTENSITY are related to the climate impact, such as drought,
heavy precipitation, extreme heat, and so on. At an individual level, we cannot reduce
these components. However, we can get more and better information to improve our
assessment of risk. This is where it is important to understand the regional climate
trends and projections in your area, as well as any site-specific considerations that
may influence the probability or intensity of a particular climate impact or extreme.
EXPOSURE and VULNERABILITY are related to the forest in terms of location, soils,
stocking, species mix, and so on. By purposefully focusing resources in certain places
and using the right management approach, you can reduce exposure or vulnerability
to a given climate stressor, which will reduce the overall risk to your forest.
For example, research indicates that the probability of drought is increasing (see
Handbook Part 1) and the intensity of drought events is also increasing due to
warmer temperatures that increase evaporative demand and plant water stress (see
Handbook Parts 1 and 2). A site with mostly well-drained upland soils may have an
increased exposure to soil moisture drought over time. Through management, the mix
of tree species on-site could be shifted toward more drought-tolerant types or a series
of thinnings could be used to lower the density of the stand—both of which would decrease vulnerability to drought-induced dieback and, therefore, the overall risk posed
to the forest by drought.
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Forest Impacts
These icons represent the potential climate-mediated stressors and impacts outlined
in Parts 1 and 2 of this handbook, which include the direct and indirect effects of a
changing climate. Each of them can be understood through the equation outlined
above—the risk is a function of the probability and intensity of the impact, as well as
the exposure and vulnerability of the forest to that particular type of stress. The following sections of this handbook outline some ways to decrease the risk posed by these
stressors through actions that reduce exposure and vulnerability.

The map below highlights the climate-related stressors that are the biggest concern
for forests in a given region of the continental U.S. Some impacts, such as warmer
temperatures, will be felt everywhere, but in most cases the predominant effects of
climate change vary from one region to the next.

Basemap Credit: NASA Earth Observatory map by Robert Simmon, based on multiple data sets
(http://www.whrc.org/mapping/nbcd/index.html) compiled and analyzed by the Woods Hole Research
Center. Data inputs include the Shuttle Radar Topography Mission, the National Land Cover Database
(based on Landsat) and the Forest Inventory and Analysis of the U.S. Forest Service. Caption by Michael
Carlowicz.
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Taking Action
Overview
Rather than warranting an entirely new way of doing business, climate change can
serve as a new lens through which we view forest management—it is simply the
context in which we work. A changing climate now belongs on the list of standard
considerations, along with timber markets, invasive species, pests, and others. The
goal is to manage or minimize the risks where possible and capitalize on opportunities
for increased forest growth and productivity. Simply carrying on with active, involved,
and observant management that changes as needed is the best way to respond. It is
important to stay informed—a good first step is paying attention to the latest scientific
research, which can help improve our understanding and avoid over- or underestimation of the risks.
When considering possible adaptation actions, we want to avoid overreacting and
making drastic changes based on uncertain projections. It is equally important to
avoid being caught off-guard by changing conditions or losing the opportunity to be
proactive and reduce risk. The recommendations in the following sections are aimed
at walking this line, with priority given to actions with a solid scientific underpinning or
those that address climate impacts that are known with greater certainty. There are
things you can do now (e.g., upgrade stream crossings, establish better monitoring,
stand improvement) and things you can do as part of longer-term planning (e.g., shifting the species mix or emphasizing different species, incorporating climate change
concerns into management plan updates, planning and preparing for changes in
hydrology).
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Table 1. Example actions for reducing risk in the realms of human health, long-term planning, infrastructure,
forest and wildlife management, monitoring, and research.
Example Actions

Climate Impacts
Addressed

HEALTH & PERSONAL SAFETY
Heat Stress

Require that field personnel pay close attention to their condition and
take necessary breaks.

Mosquito-Borne Disease

• Use insect repellents; DEET or other effective repellents (50% concentration is fully effective).
• Wear long-sleeved clothing.
• Remove standing water from the areas around your home.

Tick-borne Disease

• Treat pants inside and out with permethrin spray. Let it dry, then
wear. Permethrin is wash resistant and will last through 5 or 6
washes. Commercial bug proof clothing is treated with the same
chemical, just more of it.
• Tuck pants into socks.
• Wear light colors, so you can see ticks.
• Use DEET or other effective repellents (50% concentration is fully
effective).
• Check yourself thoroughly every day.
• Kill ticks in clothes by running them dry, through the dryer for 20
minutes.
• Discuss your activities with your doctor.

PLANNING
Management Planning

Include relevant climate projections and anticipated local impacts in
management plans.
Consider utilizing nested plans (regional, forest, operational) to address the implications of climate change at different spatial scales.

Allocation of Resources

Focus resources on areas likely to be resilient to changing conditions.

Dealing with Disturbance

Plan for extreme fire events to determine the necessary capacity of
fire management organizations and guard against the most serious
fire-related impacts.

A number of common practices can help land managers prepare for
fire risk, these include:
• Put all foresters and other field personnel through the state forestry department’s basic fire training school.
• Have the state forest service phone numbers and radio contact on
everyone’s cell phone.
• Equip everyone’s truck with Indian tanks and fire rakes.
• Know who has excavators/bulldozers, where they are, and how to
reach their owners.
• Identify water sources for pumping.
• Identify water sources for water bombers.
• Identify landing zones for helicopters.
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Example Actions

Climate Impacts
Addressed

PLANNING (CONT.)
The interface of housing and forestland presents an increasingly
dangerous situation—communicate with abutting home owners
about fire risk.
Carry out active fuels reduction via pre-commercial or commercial
thinning and prescribed fire to reducing fire potential (most effective
in fuel-limited ecosystems).
Consider a passive approach that allows the fire regime and dominant vegetation type to change and come into equilibrium with the
new climate (may be more cost-effective than fire suppression in
places with increasing aridity and fire frequency).
Put equipment on site if you know a big storm is coming. If you think
there will be significant damage and road blockage, putting machinery at key locations may be a good idea.
Insurance

Consider acquiring insurance against loss from wind, fire and possibly other threats.

INFRASTRUCTURE
Access & Road Systems

Design, build, and maintain a system of roads and trails that allows
reasonably rapid access to the woods to address an increased likelihood of disturbance that needs attention.
In regions where frozen ground is necessary for access to wetter
sites, design harvest plans with an eye toward flexibility (in terms of
timing or access routes) that can accommodate a growing inconsistency of frozen ground conditions.

Drainage & Stream
Crossings

Design and size stream crossings that perform well in a changing
climate by estimating current and future streamflow.

Use temporary structures, where feasible, to reduce flooding exposure and eliminate long-term maintenance and stream impacts.

Design new (or upgrade old) structures to address changing precipitation patterns and ecosystem function, which will minimize
structure failure and the need to rebuild prematurely.
Consider keeping a range of culvert sizes on-hand to help ensure cost
considerations are not a barrier to choosing the right size for the job.

© Manomet / Climate change & Forestry handbook / Part 3

3.9

Example Actions

Climate Impacts
Addressed

FOREST MANAGEMENT
Thin to reduce the number of trees per acre to increase drought resistance and windfirmness, while decreasing the risk of establishment
and spread of pests and pathogens.
Stocking

Maintain fully-stocked stands to maximize carbon on site.
Avoid over-stocked conditions that put stands at risk of decline or
damage (and associated carbon loss).
Encourage a diversity of species to spread the risk (given uncertainty
about future conditions).
Plant species or species mixtures of genetic seed sources that are
well suited to anticipated future conditions.

Species Mix

Encourage natural regeneration of species expected to perform better
under future climate.

Review the results of different forest models to gain a big picture
sense for which species will perform better or worse under future
conditions and where the most suitable habitat may be in the future.
Consider plant functional traits such as shade, flood, and drought
tolerance; encourage establishment or increasing abundance of
those species (or groups of species) with the greatest tolerance to
anticipated climate stressors.
Promote a diversity of age classes to spread the risk, e.g. via use of
irregular shelterwood harvest.
Age Classes

Note: A diversity of age classes may be maintained across an ownership,
not just within a single stand (as in plantation forestry).
Maintain cohorts of older trees to increase carbon storage and
younger, faster growing trees to increase carbon sequestration rates.
Promote natural regeneration using clearcut, seed tree, and shelterwood methods.

Regeneration
When utilizing artificial regeneration, consider species and genetic
seed sources best-suited to future conditions (see above).
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Example Actions

Climate Impacts
Addressed

FOREST MANAGEMENT (CONT.)
Maintain a complex stand structure to maximize carbon storage and
sequestration on site.
Maintain height-diameter ratios between 40 and 70 to reduce risk of
wind damage in younger stands, following the chart below:

Stand Structure

In young stands, build windfirmness and resilience by removing suppressed or intermediate trees in the same age cohort as overstory
trees and maintaining high crown ratios (~50%).
In intermediate and multi-aged stands, build windfirmness and resilience by removing trees likely to fail due to poor form or poor health.

In older stands, keep some suppressed and intermediate trees under
chosen crop trees to prune the preferred tree and buffer against wind.

WILDLIFE MANAGEMENT
Conserve a diversity of landscapes in terms of topography and soils.2

Heterogeneity

Increase heterogeneity.3
Aim for representation, resiliency, and redundancy—networks of
intact habitat that represent full range of species and ecosystems in
a given landscape.4

Refugia

Protect and represent refugial habitats.2, 3
Increase or enhance regional connectivity.2, 3

Connectivity

Increase amount and connectivity of wildlands.4
Establish habitat buffer zones and wildlife corridors5
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Example Actions

Climate Impacts
Addressed

WILDLIFE MANAGEMENT (CONT.)
Sustain ecosystem process and function.2
Ecosystem Health
Reduce other, non-climatic stressors.6
Prioritize ‘future habitat.’3

Future Habitat

Increase management for species in areas where they are expected
to advance, e.g. northern range limits.4
Consider translocation of species to new areas and replanting disturbed areas with less climate-sensitive species.6

MONITORING
Monitor for emerging climate change indicators related to drought,
fire, forest health, forest insects and disease, regeneration, and tree
mortality.
Plan and monitor for shifts in the abundance and distribution of
pests, invasives, wildlife, and tree species.
Monitor regional trends via U.S. Forest Service Forest Inventory &
Analysis and remote sensing data.
RESEARCH

Support & Participate

Support on-going research at public agencies, universities, and
research cooperatives.
Conduct in-house research or participate in research partnerships.

Research Focus

Focus resources on research aimed at identifying genetic variation
within species that can be harnessed to increase growth potential
under future conditions, especially testing and analysis of genetic
adaptive variation related to key species.
Conduct and follow research that better constrains the impacts of
various climate-related stressors.
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Health & Personal Safety
Climate change has been recognized as a potential threat to human health by entities
from the Intergovernmental Panel on Climate Change7 and the World Health Organization8 to the U.S. Centers for Disease Control and Prevention.9 Heat waves, droughts,
and other extreme weather events will have direct effects on health, while indirect
effects will come through climate-related changes in food security, disease transmission, and so on.
Increasing heat exposure can lead to ill health and heat-related mortality (especially
for vulnerable populations like the elderly), but it will also manifest in terms of decreased labor productivity, particularly for people who work outdoors doing manual
labor.7 In fact, it has even been estimated that increasing heat exposure may lead to
a 20% decrease in global GDP by the end of this century.10 These effects on performance and work capacity will not only be a problem in tropical areas, but will become
an increasing issue in many parts of the U.S. as well. Researchers use various heat
stress indices to evaluate the effect of changing temperature and humidity on worker
health; projections suggest that by the middle of this century, most places in the
continental U.S. will experience conditions of moderate heat stress during the hottest
month of the year, with large swaths of the southern U.S. experiencing very strong
heat stress by 2085.11
The most relevant health impacts for forestry will be felt through the effects of increasing heat and disease exposure for field personnel:

HEAT
Extreme heat, and associated dehydration, can impact field work. Just as plants experience heat stress, so do people. While most of the forests managed by Climate Smart
Land Network members are in the temperate zones, the effect of increased high heat
days will require that field personnel pay close attention to their condition and they
should expect some amount of decreased field productivity.

DISEASE
Changing climatic conditions have led to the expansion of diseases carried by both
ticks and mosquitoes. As the climate warms it is less limiting to numerous insects,
which can be vectors of disease, and the infectiousness and virulence of certain diseases can also increase.

Mosquito-borne Diseases
There are a number of these diseases present in the U.S. and transmitted by native
mosquitoes, such as eastern equine encephalitis (a.k.a. EEE; with a human mortality
rate of over 30%), several other encephalitis varieties, West Nile virus, dengue, and
chikungunya (very painful, but rarely fatal).
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There are no vaccines and treatments are very limited. The southern states have more
exposure to dengue and chikungunya. The encephalitis varieties and West Nile virus
are more widespread. These diseases are changing and will vary across the country.
Keeping current at websites like www.cdc.gov/niosh/topics/outdoor/mosquitoborne/ is important.

Tick-borne Diseases
A number of tick-borne diseases now occur in various regions of the U.S., such as
Lyme disease, anaplasmosis, babesiosis, Powassan disease, ehrlichiosis, Rocky
Mountain spotted fever, Colorado tick fever, and others. A good information source
can be found at www.cdc.gov/lyme/resources/tickbornediseases.pdf.

Planning
Some climate-related changes are already having discernable impacts on forests
and forestry operations, such as increases in heavy precipitation, hotter drought, and
longer growing seasons (discussed in Handbook Parts 1 and 2). However, many of the
issues associated with climate change have a longer time horizon and involve gradual
changes that will play out over many decades. For this reason, it is particularly important to consider climate change as part of longer-term planning, perhaps more so than
as a day-to-day operational consideration.
»» Incorporate Climate Change into Management Plans
Forest management plans typically include discussion of any threats or concerns
particular to the property in question, such as problems with native pests, presence
of invasive species, or deer browse issues. It is also useful to include explicit discussion of the implications of climate change for the property, including identifying
the most likely climate projections for the area and the anticipated impacts (if any)
on forest health and harvest operations.
For more information on
this topic, see the following
Climate Smart Land
Network bulletins:
»» Wildfire in a Warming
World Part 2: Future
Outlook & Resources
»» Managing Forest
Stands to Minimize
Wind and Ice/Heavy
Snow Damage: Part
Two
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Landowners with large ownerships or many parcels may want to consider a nested
plan approach because different climate-related impacts are relevant at different
spatial scales. Such an approach involves creation of a regional plan, under which
individual forest and operational plans are nested. For example, discussion of
longer-term changes in forest composition may be addressed in a regional plan,
whereas discussion of the impacts of increasing heavy precipitation on stream
crossings may be most appropriate in an operations plan.
»» Focus Resources on Resilient Areas
Another strategy is to adjust which sites are considered marginal for growing trees
productively, based on climate and ecosystem projections like those outlined in
parts 1 and 2 of this handbook. This can and should influence the decision about
where to devote resources for stand improvement, access, planting, etc. For example, in regions projected to become drier, it may be prudent to focus resources
on sites with soil and topographic characteristics that generally retain moisture
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(i.e. focus on less drought-prone areas). Another example might be setting aside
bottomland forests as reserves, rather than active harvest areas, in places that are
likely to experience more and heavier precipitation.
»» Plan and Prepare for Disturbance
As discussed in Handbook Part 2, climate change is altering the frequency, extent,
and severity of many types of forest disturbance, so it is increasingly important to
plan and prepare for these disturbance events. In fact, this is also one of the key
adaptation strategies proposed by the U.S. Forest Service.12 Two types of disturbance requiring the most immediate management response include wildfire and
storm damage.
»» Consider Insurance
Get insurance against loss from wind, fire, and possibly other threats. It is possible
to obtain coverage from certain insurance companies with evaluation of the property based on location, a questionnaire, and assessment of the management plan.

Infrastructure
Some of the biggest climate-related management challenges (from an operational
and cost perspective) are related to impacts on forest infrastructure, such as damage
to roads and stream crossings from heavy precipitation, limited access due to unfrozen ground, and so on.

Access & Road Systems
Changing climate will bring stresses to the forest and that means that there will be
sections of the landscape that need attention. It may be as immediate as firefighting
or as extended as gradual tree health decline. Regardless of the triggering event, the
land manager will want to get machinery of some type on site. An existing machine
accessible trail and road system makes these responses easier.
Truck road systems are expensive to build and maintain. Most managed ownerships
have some system in various states of repair. The advice is to maintain the system at
a reasonable level to allow fairly quick access. This may include pulling culverts and
small bridges to protect water crossings from suffering major erosion should in-place
structures fail. Putting culverts and small bridges back in is less expensive than a full
rebuild.
Permanent skid trail systems are useful for ensuring easy access for firefighting,
salvage operations, or other management actions. However, few ownerships have
designed and constructed trail systems that are used repeatedly in subsequent harvests. This level of expense is seldom undertaken. Highly productive sites on accessible terrain are more likely to have such a system. Land managed with shorter (5-15
year) harvest or management entry cycles also tends to have stable access trails.
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Temporary vs. Permanent Crossings

Temporary Crossings have some general
advantages, including (1) limiting exposure to
flood events, (2) limiting unauthorized property
access, and (3) avoiding permanent stream
corridor alteration.
These were generally designed for a 10 year flow,
but with larger deluges becoming more common,
designing for 20 to 40 year flows often makes
sense.

Permanent Crossings merit detailed design due
to cost, greater potential for exposure to large
flood events, and potential for long-term stream
impacts. Use the USGS StreamStats Program
or other hydrologic calculations to improve
resiliency to large storm events, maximize stream
connectivity, and preserve habitat value.
Examples include matching the slope and
elevation of the stream, embedding culverts,
or using open bottom structures to maximize
connectivity, as well as building overflow sections
surfaced with cobble into roadbeds on either
side of the crossing to accommodate exceptional
flows.

Drainage & Stream Crossings

For more information on
this topic, see the following
Climate Smart Land Network
bulletins:
»» Stream Crossings and
Climate Change Part 1
»» Stream Crossings and
Climate Change Part 2

As the climate continues to warm, historic precipitation rates and frequencies will
become a less reliable predictor of future precipitation patterns (see Handbook Part 1)
and stream temperatures will increase. To minimize risk and costs in a changing environment, the design and construction of forest road stream crossings should consider
how to build resilient structures in anticipation of changing precipitation patterns, as
well as how to minimize fragmentation of streams for aquatic species that may need
to seek new cold water refuges.
A properly designed crossing (1) maintains connectivity for upstream and downstream movement of fish and other aquatic organisms, (2) maintains natural flow
regimes, and (3) supports the transport of organic and inorganic materials. Crossings
that match the slope of the stream, span the full width of the stream, and have natural
stream bed materials through the structure are likely to address these concerns. Inclusion of these design elements will often lead to selection of open-bottom structures,
such as pipe arches or bridges (as opposed to culverts), and result in a wider opening than would be selected based purely on hydrologic concerns. This has the added
benefit of accommodating larger flow events.

Forest Management
The risk posed by a changing climate varies, in part, as a function of the characteristics of the forest and the particular site (see section on Assessing Risk, above). This
includes species composition, stocking level, forest structure, age class distribution,
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and others. These factors determine to what degree a forest is exposed to a particular climate-related stress and how vulnerable it is to decline as a result. As a forester,
these forest- or stand-level characteristics can be altered to increase resilience or suitability to future conditions.

Stocking
The stocking (or the density of trees) in a stand affects competition for resources, air
flow, and fire risk, among other things. As a result, changing stocking levels will directly
influence the health and vigor of the trees, the degree of windfirmness, vulnerability to
establishment and spread of pests and diseases, drought resistance, fuel loads, and
more. Overstocked stands are particularly vulnerable to many climate-related stresses,
such as drought-induced dieback. Reducing density through various types of thinning
not only frees up growing space for desired residuals, but has a number of added benefits in terms of increasing resilience. For example, research has shown that thinning
can moderate drought impacts on growth, increase drought resistance, and improve
the speed of recovery after drought events.13, 14, 15, 16

Species Mix
The vulnerability of a forest to the adverse impacts of climate change is heavily influenced by the species composition; species have individualistic responses to shifting
climate (as discussed in Handbook Part 2) and some will be more susceptible to
declines in abundance and distribution, while others will benefit from the changes and
gain a competitive advantage. Some species are also more adaptable than others;
those that grow under a wide variety of conditions and have a higher tolerance for
disturbance will likely fare better as conditions change. Species composition is such
an important determinant of climate risk that it has been proposed as the basis for
evaluating overall risk at the stand level.17
NOTE: A useful assessment of adaptability for eastern U.S. tree species is the ModFacs
framework linked to the Climate Change Tree Atlas from the U.S. Forest Service Northern
Research Station (more information at www.fs.fed.us/nrs/atlas/models/#MODFACs).

Age Classes
The age class distribution in a forest stand affects the future trajectory and the degree
of vulnerability to certain types of stress. For example, older trees nearing the end of
their life span will be more susceptible to rot, insect attack, and blowdowns. On the
other hand, juveniles, as compared to adults, often have a much smaller range of conditions under which they can survive, making them susceptible to extremes. The age
class distribution also has important implications from a carbon accumulation and
storage perspective, where younger trees tend to sequester carbon faster, but older
and larger trees generally have greater carbon storage.
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Regeneration
The seedling and sapling stages can be vulnerable life stages in terms of susceptibly
to drought, browse damage, competition, and other factors, but regeneration also
offers a critical opportunity for adaptation. The individuals that survive will tend to
be those most well-suited to the current environmental conditions, in terms of their
physiology and genetic makeup, which is a natural selection process that will be
influenced by changing climate. The regeneration stage is also where epigenetics can
begin to play a role in shaping the character of a forest or stand; the environmental
stresses experienced by the parent plants can lead to altered gene expression in their
offspring that makes the next cohort better adapted to those stresses. In Part 2 of
this handbook, we noted the example of plants exposed to drought producing more
drought-tolerant seedlings. Encouraging natural regeneration helps accelerate the
natural adaptation processes already in play, while planting offers even greater control
in terms of selecting species, genotypes, or provenances that will be better-suited or
more resilient to future conditions.

Stand Structure
Forest structure (the variety and arrangement of trees in vertical and horizontal space)
influences habitat value, carbon stocking, and vulnerability to certain types of disturbance, such as wind and drought. For example, the presence of understory trees
can buffer wind and remove lower branches from desirable crop trees, while a stand
dominated by large trees (which have greater water demand) may be more vulnerable
to drought-induced dieback. A more complex forest structure with dominants, codominants, a midstory, and a robust understory can maximize use of growing space
and carbon storage potential on the site.

Wildlife Management
For more information on
this topic, see the following
Climate Smart Land
Network bulletins:
»» Climate Change and
Wildlife Part 1: Impacts
and Management
Considerations”

Climate change is expected to affect wildlife populations in a myriad of ways (as discussed in Handbook Part 2). It is now widely acknowledged that it should be a consideration when setting conservation and wildlife management priorities. It is important
to consider not only the continuous and direct impacts of climate change, such as
changes in temperature and precipitation patterns, but also the discrete impacts from
extreme events and the indirect effects from factors such as shifting agricultural
production.3 Promoting the resilience of wildlife populations will generally involve
protecting a diversity of habitats across the landscape, maintaining refugia, ensuring
connectivity, and sustaining ecosystem health.

Monitoring
One of the most important tools for reducing uncertainty and informing management
decisions is an effective forest monitoring system. Such a system can help detect
whether changes are happening as expected and identify early warning signs of forest
stress. This not only helps constrain projections, but also creates opportunities for
managers to be more proactive in addressing climate-related issues as they arise.
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“The prospect of heterogeneous local responses
to regional climate changes places a premium
on developing extensive monitoring systems capable of detecting when ecological systems are
approaching or passing tipping points.”20
Manomet’s Resiliency Assessment Framework (RAF) lays the groundwork for an enhanced forest monitoring system designed to improve the quality and length of the observational record for key variables related to forest, climate, disturbance, and operations. It provides a menu of simple, relevant, and cost-effective metrics for monitoring
forest response to climate change, which managers can implement and use to inform
their decision-making. This includes on-the-ground measurements, as well as the use
of near-surface and satellite remote sensing data. Find more information here: http://
climatesmartnetwork.org/climate-resources/resiliency-assessment-framework/
Monitoring and recording changing conditions on your forest through existing inventory processes or implementation of the RAF (or another similar system) will yield
information that is particularly valuable as we move into an uncertain future. There
are also many useful existing data sources from state and federal agencies, as well as
universities, which can help paint a fuller picture of changing conditions at a regional
level and augment information collected locally.

Dealing with Uncertainty
A major challenge of climate change adaptation is dealing with uncertainty about
future climate and ecosystem change (highlighted in the What We Know and What We
Don’t sections of Part 1 and Part 2). This is especially true when considering near-term
change at a regional or local level. Forestry has always required consideration of future conditions, from anticipating market demand and timber prices to insect threats
or new invasive species of concern. In the past, however, we could assume that (on
average) the climate would be generally the same throughout the life of an individual
tree from seedling establishment to harvest. We now understand that that assumption is not likely to hold, particularly in regions with a long rotation age. This may affect
our ability to achieve desired stand conditions in the future, by hindering our ability to
choose the species best-suited for a particular site, for example.
Understanding both the degree and the sources of uncertainty will be key to effective
decision-making. The goal should be to understand what is known and unknown, minimize uncertainty wherever possible, and choose the best strategy (based on individual
risk tolerance) for dealing with it. Keeping in mind that even when a hazard is not
absolutely certain it may still pose a risk—the primary reason we invest in insurance
coverage, for example.
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For more information on
this topic, see the following
Climate Smart Land
Network bulletins:
»» Certainty and
Uncertainty in Climate
Change and Forest
Response Part 1: The
Climate System
»» Certainty and
Uncertainty in Climate
Change and Forest
Response Part 2: The
Forest Response
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A SPECTRUM OF MANAGEMENT APPROACHES
Forest management decisions are influenced by our assumptions about how well we
can predict future conditions and our ability to “design” forests well-suited for those
conditions. In a big picture sense, management decisions fall along a spectrum from
deterministic to indeterministic. Where they fall depends on these assumptions, the
underlying management philosophy, and the level of scientific certainty.
A completely deterministic approach assumes we have reliable predictions of future
climate and an ability to organize our forests successfully through management. It
is based on the idea that most important aspects of forest management are wellunderstood for the rotation age of trees being purposefully grown. The aim is to
develop “forests of the future” where the species mix and stand structure are welladapted to future conditions.
By contrast, a purely indeterministic approach assumes future climate change is
highly uncertain and forests are constantly self-regulating, with an innate capacity to
adjust and withstand change. It is based on the idea that there are enough unknowns
that having some of everything is the best way to address change. The aim is to create a diverse forest (in terms of species, structure, age classes, etc.) that has a natural
capacity to buffer change.21

These strategies are not mutually exclusive, and managers will likely use some of
each. The deterministic approach has proven successful in the 10- to 15-year planning
horizon that is typically of greatest concern for foresters. It is often the best approach
for maximizing desired services in less complex systems or in instances when there
is a high degree of certainty about future conditions and the effectiveness of a particular management strategy. An indeterministic approach often has the advantage
if reality does not meet expectations—making it the most appropriate strategy when
there is a high degree of uncertainty.21 Ultimately, the ability and desire to implement
one approach or the other will depend on management objectives, risk tolerance, and
planning horizon.
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Table 2. Examples illustrating a deterministic versus indeterministic approach to species selection or forest
management at different spatial scales.

Examples21
…of species selection:

…within a forest:

…within a stand:

Deterministic

Choose specific species and varieties with lowest risk of growth
loss under future conditions

Rely on larger and independent
management units with a focus
on production of desired products & services

Use a preferentially simplified
structure focused on specific
services, such as timber quality
or growth rate

Indeterministic

Choose diversity of species and
varieties with different ecological
traits (pioneers, shade-tolerant,
specialists, and generalists)

Rely on smaller and interconnected management units
that allow for gene flow, species
exchange, and complex habitat
structures

Use aggregates, gaps, and smallscale patterns that allow for
self-regulation in case of diverse,
unpredictable disturbances

CLIMATE CHANGE MITIGATION VALUE OF FORESTS
This volume focuses on strategies for forest adaptation to climate change, but the role of forests
in climate change mitigation cannot be overstated. Of all the CO2 emitted globally each year, only
half actually remains in the atmosphere—the other half is taken up by the land and oceans. There
is some concern that these critical carbon “sinks” may eventually saturate, but so far their uptake
of carbon has remained steady22 and forests are the largest component of the land carbon sink.23
In the U.S., for example, forests sequester 15-20% of the CO2 produced annually by the burning of
fossil fuels. In this way, forests play an important role in climate regulation by sequestering and
storing CO2.
The Paris Climate Agreement identifies protection and expansion of forests, and enhanced forest
management as important components of meeting global efforts to limit warming to 2°C (<4°F).
In addition, many of the individual national commitments include forest protection, afforestation,
and enhanced forest management as components of meeting national climate change mitigation
goals.
As the climate warms, maintaining and enhancing the CO2 sequestration and storage role that
forests play will involve both minimizing mortality associated with changing forest stressors and
maximizing growth potential as forest structure and species composition changes. Additionally,
management practices that minimize erosion and exposure of the forest floor will limit carbon loss
from forest soils.
Reducing CO2 emissions from forestry operations can amplify the climate regulation benefits
provided by forests. Limiting idling time of forestry equipment, improving the efficiency of fleet
vehicles, and energy efficiency upgrades of offices and facilities pay a double benefit in cost
savings and reduced carbon footprint.
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A closer look at the forest floor.
Photo credit: Jennifer Hushaw

CARBON AS A NEW FOREST PRODUCT
A new forest product has been created—it is a
metric ton of CO2 equivalent. The amount stored in
an entire tree includes the carbon in the branches,
stump, and coarse roots (not the foliage).
There are numerous “development” firms that
put together registerable or saleable quantities
of these CO2 tons. These firms are just another
version of consulting foresters that assist landowners in identifying, quantifying, understanding,
managing, and selling a forest product. They are
paid for their work by receiving a percentage of
either the product itself or the sale amount. Typically, these firms do not buy the tons themselves,
instead they package and sell them for the landowner—just like sawlogs.
There are numerous versions of CO2 tons, defined
by the rigor and “permanency of sequestration” of
the registry system that approves them. There are
regulatory systems, such as California’s Cap-andTrade, where certain regulated industries have
their allowed emissions capped at a level below
their total output, so they must purchase carbon
sequestration credits to offset what they emit
above their cap. There are also voluntary markets,
where carbon credits can be purchased to offset
corporate or personal greenhouse gas emissions.
The price per ton for carbon credits in the regulatory market is greater than that for the voluntary
market.
Tradable CO2 from an existing forest is defined as
that which is above a “baseline” quantity that is established as the business-as-usual level of stocking. The current method of establishing a baseline
starts with the stocking amount published in the
U.S. Forest Service Forest Inventory and Analysis
(FIA) Program regional inventory tables. In the
simplest sense, you can get paid for wood above
this FIA amount.
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CARBON & FOREST MANAGEMENT
Managing your land for the accumulation of carbon means considering both carbon storage and
carbon sequestration rates over time. Fast growing, younger forests sequester carbon at a higher
rate, but older forests generally have greater
carbon storage. For example, forests in the Pacific
Northwest U.S. have large carbon stores, while
forests in the Southeast U.S. excel in terms of
sequestration. The total carbon in a forest stand is
a function of species composition, stocking, and
stand structure.
Any harvesting will reduce the total amount of carbon stored on site in live trees, but, as with most
things, the goal of carbon accumulation must be
weighed against many simultaneous (and sometimes competing) management goals. Generally
speaking, bigger trees, hardwoods (more so than
softwoods), maximum stocking, and longer rotations are best from a carbon perspective. However, the most important goal is to keep carbon
stored on site, so management that reduces stand
vulnerability to disease, blowdowns, and other
sources of decline is often worth some loss of livetree carbon in exchange for maintaining a healthy
and productive forest. After all, keeping forests as
forests is the best type of land use from a carbon
perspective.24, 25, 26
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