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CHAPTER 4

Introduction

At the time of this writing in 2015, drought conditions
have sustained over much of the continental United States
for up to 4 years. Drought, a moisture limitation resulting
from below average precipitation, high temperatures, or
both, represents a departure from the “mean climate” of
a region—and more frequent and severe droughts change
this mean climate. Multi-year droughts have occurred
throughout history (chapter 2); recent concern about
prolonged drought has arisen because the increasing

rainfall variation of recent decades (Janssen and others
2014, Li and others 2011) was a predicted consequence
of greenhouse gas-driven warming (IPCC 1995, Overpeck
and others 1990). While combined warming and variable
precipitation have amplified forest drought severity in
the last two decades (Allen and others 2015, Millar and
Stephenson 2015) across the country (see text box
below), the Western United States in particular has
experienced numerous and widespread drought-related
stand replacement events (e.g., Allen and others 2010,
Breshears and others 2005, Ganey and Vojta 2011).

FOREST DROUGHTS HAVE INCREASED IN RECENT DECADES

What changes in drought are in progress now? Drought severity and frequency have been especially high
during the last few decades in the West, Southeast, and Lake States, and are at least part of the explanation

for tree mortality (fig. 4.1). The Cumulative Drought Severity Index (CDSI) shows the sum of monthly Palmer
Drought Severity Index (PDSI) drought classes (1-moderate, 2—severe, 3—extreme) from 1987-2013. Values
are aggregated by climate division and shown for the 21 forest cover types defined by the USDA Forest Service
(2000). Locations of documented drought-related mortality generally correspond with locations of high CDSI.
Compared with the previous 27-year period (1960-1987), the West saw increases in all drought classes and

only minor change in the East (fig. 4.2).

Severe multi-year drought episodes in the West are linked to drought-related tree mortality. There are fewer
documented examples of recent drought-induced tree mortality in eastern U.S. forests. Note that the map of
cumulative drought over 27 years does not always capture short-term intense drought events.
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Figure 4.1—Cumulative drought severity index (CDSI) for
forested lands from 1987-2013 with selected locations of
drought- and heat-induced tree mortality indicated by blue

circles and dots.

Numbers on map correspond to the following supporting references: 1-Anderegg
and others (2012); 2-Anderegg and others (2013b); 3-Breshears and others (2005);
4-Breshears and others (2009); 5-Creeden and others (2014); 6-DeRose and Long
(2012); 7-Faber-Langendoen and Tester (1993); 8—Fahey (1998); 9-Fellows and
Goulden (2012); 10-Ganey and Vojta (2011); 11-Garrity and others (2013); 12-Kaiser
and others (2012); 13-Klos and others (2009); 14-Kukowski and others (2012); 15—

Macalady and Bugmann (2014); 16—-Meddens and others (2012); 17-Millar and others

(2012); 18-Minnich (2007); 19-Moore and others (In press); 20-Olano and Palmer
(2003); 21-Twidwell and others (2014); 22-Williams and others (2013); 23-Worrall
and others (2013). (modified from Peters and others 2014).
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Figure 4.2—Drought for forested land of the conterminous
United States for two 27-year periods from 1960 to 2013. For
each forest type, drought conditions were summarized as the
percentage of months during the 324-month period (27 years)
among climate divisions that contained the forested land.
(Peters and others 2014).
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The work that follows examines not only these
well-publicized western forest diebacks, but also
considers inherent forest vulnerabilities to drought; it
also highlights how little we actually know about the
consequences of drought at all levels. Understanding
how climatic changes already in progress will impact
forests can help us anticipate socioeconomic impacts
(chapter 11) and consequences for biodiversity. This
synthesis of current understanding begins with an
evaluation of the data available, followed by a synopsis
of studies ranging from short-term observations,
paleoecological research, and modeling work across

a range of scales from individual trees to forest
stands, landscapes, and regions. For example, there
are numerous drought-related observations that
generally hold for individual trees, such as drought
tolerance increasing with tree size and age in many
species (Cavender-Bares and Bazzaz 2000). We then
translate how changes to plant-available moisture may
affect the distributions of species, the biodiversity

of landscapes, wildfire, net primary production, and
virtually all goods and services provided by forests,
including the development of a better understanding
of tree biogeography. Finally, we provide advice for
how management practices might be adapted to more
frequent drought and address research needed to

expand our understanding of forest response to drought.

Evidence for Drought
Impacts on Forests

To date, much of what we know about the effects of
drought on the structure, composition, and function

of forests in the United States has arisen from
observations and data-driven interpretations of resource
gradients, providing valuable if limited insights. Data
sets that span sufficient temporal variation in climate
are improving. Two censuses can be used to generate
estimates of (1) mortality rates from numbers of trees
that die during the interval (Dietze and Moorcroft 2011,
Lines and others 2010); (2) recruitment rates from
individuals appearing in a census not present previously
(Zhu and others 2014); and (3) growth rates from
changes in size (Vanderwel and others 2013). However,
estimates of change over time, including forest
demographic responses to climate change, require

a minimum of three censuses. Forest Inventory and
Analysis (FIA) data provide two consistent censuses
for most of the Eastern United States (a third census is
now available for some locations), but only one census
for most of the West because nationally consistent

sample design and plot protocols were not adopted by
FIA until the late 1990s (Goeking 2015). This uneven
coverage makes it possible to consider the geographic
correlation of climate effects on demographic rates
(Dietze and Moorcroft 2011, Lines and others 2010,
Purves 2009, Vanderwel and others 2013), but using
them to understand change over time is difficult.

In addition, potentially long plot observation periods
complicate the interpretation of specific climate effects.
FIA inventory plots have been resampled at intervals of
4 to 10 or more years, which means data derived from
them could encompass exceptionally warm, cold, dry,
and wet years (Williams and others 2013). An individual
tree contributes to a growth study one observation for
each year of growth. By contrast, one tree contributes
to a survival study a single event (survival or not).
However, attribution of tree responses to drought based
on observational studies is challenging because many
factors can contribute to morbidity (Adams and others
2009, Allen and others 2010, Manion 1981, McDowell
and others 2011, Radtke and others 2012, Wang and
others 2006). Even the most complete inventories

are hampered by inconsistent temporal coverage

of observed droughts. As an example, droughts are
predicted to increase in the Northeast (Melillo and
others 2014), a region with droughts evident in the
paleorecord (Pederson and others 2013) (chapter 2) but
lacking severe events in recent decades when much of
the most reliable forest inventory data was collected.

The previous point on inconsistent contemporary
observations highlights the fact that many other types
of important data are also uneven in their coverage. For
example, many studies of the paleorecord on vegetative
responses to climate come from wet environments,
and thus overrepresent wetland species. Similarly,
tree-ring data come primarily from trees expected to
be most sensitive to climate (Fritts 1976)—often dry,
sparsely forested locations. In these tree-ring-based
climate reconstructions, old canopy trees are preferred,
but these individuals respond differently to drought

and heat stress than younger trees and may not reflect
genetic selection pressures that may influence the
responsiveness of future forests to drought stress.

Although inferences using spatiotemporal variation
have long provided some of the most valuable insights
on how forests respond to moisture and temperature
gradients, those effects can be confounded by land
use, management history, soils, complex hydrological
patterns, and atmospheric chemistry change. For
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example, inferences on drought impacts to different
landowners are confounded by who owns what forest
where. In the Pacific Northwest, private landowners
primarily control productive low-elevation forests
managed for timber production, whereas State and
Federal agencies usually manage the less-productive
and high-elevation old-growth forests of this region
(Ohmann and Spies 1998) less intensively (if at all).
Hence, Pacific Northwest forests reflect a multi-
dimensional set of climatic, geological, and land-use
gradients that are both driven and influenced by their
composition, meaning that predicting future drought
effects will be very difficult. In the Piedmont Plateau
of the Southeast, moisture gradients are confounded
by land use and stand age: wet bottomlands were left
uncultivated and hence tend to have mature forests
with older trees, while younger forests established on
previously cultivated sites about a century ago and xeric
sites were grazed and often remain in pasture (Oosting
1942, Quarterman and Keever 1962). Attributing forest
changes to climate can be challenging when they are
simultaneously experiencing rising levels of atmospheric
ozone (O,) and carbon dioxide (CO,), greater nitrogen
(N) deposition, and increasing overall stand age
(McMahon and others 2010).

As a consequence of these factors and many others,
observational data may not yield unambiguous
relationships, and they offer only a subset of conditions
that may prevail in the future. Hence, observational data
are poorly suited for predicting how forests may respond
to droughts because they provide a phenomenological,
not mechanistic, interpretation of change.
Experimentation addresses some of the limitations of
observational data by providing controlled manipulations
of the environment. However, to date, relatively few
experiments have been conducted at a scale that
provides general insight for climate changes that affect
diverse habitats. For example, there are still only a

few rainfall exclusion and redistribution experiments

on mature forests (e.g., Hanson and Weltzin 2000,
McDowell and others 2013). In addition, species will
outrun some of their mutualists, competitors, and
natural enemies, and encounter new ones. Some of
these processes are too slow, too small, or too large to
observe directly or manipulate experimentally; others
do not become apparent until thresholds are crossed
and dramatic shifts in composition and structure are
witnessed (Millar and Stephenson 2015). Experiments
sufficiently large and long-term to determine effects

on stand composition and structure are also costly.
Because of these constraints, future combinations of

climate, competition, and natural enemies cannot be fully
anticipated by controlled experiments.

Drought and tree growth—Many conifers and some
hardwoods show growth responses to temperature at
high elevations and at northern range margins (Bhuta
and others 2009, Brubaker 1980, Cook and others 1998,
Littell and others 2008, Salzer and others 2009). Tree-ring
studies support the interpretation that growth in moist
cove sites of the Southern Appalachians is sensitive

to moisture variation (Martin-Benito and Pederson

2015, Maxwell and others 2011, Pederson and others
2012) (fig. 4.3). Not surprisingly, growth sensitivity to
drought differs between species. Tree-ring studies from
the Hudson River Valley in New York ranked growth
responses to spring-summer Palmer Drought Severity
Index (PDSI) as eastern hemlock (Tsuga canadensis) >
tuliptree (Liriodendron tulipifera) > pignut hickory (Carya
glabra) > chestnut oak (Quercus montana) > northern
red oak (Quercus rubra) > black oak (Quercus velutina)
(Pederson and others 2013). A 13-year study in Indiana
found tuliptree and sassafras (Sassafras albidum) to be
more sensitive to drought than oaks (Brzostek and others
2014). However, in southern Indiana, white oak (Quercus
alba) responded more to summer PDSI variation than
did tuliptree, whereas northern red oak responded less
than either species (Brzostek and others 2014, Maxwell
and others 2014). Even in mesic sites, tuliptree can
experience larger growth sensitivity to drought than co-
occurring white oak and black oak (Orwig and Abrams
1997). Evidence for drought effects on species of

many of the same genera in Europe appears consistent
with these observations. In central Germany, growth
responses to PDSI ranked as European beech (Fagus
Sylvatica) > Scots pine (Pinus sylvestris) > durmast oak
(Quercus petraea), with greatest sensitivity on the site
with low rainfall (Friedrichs and others 2009). Durmast
oak survival exceeded that of European beech over the
1976 drought in England (Cavin and others 2013).

Drier than normal conditions tend to have less impact
on growth rates of oaks than other species (Clark and
others 2011, 2014a; Elliot and Swank 1994; Klos and
others 2009), probably related to physiology and deep
rooting (Abrams 1990, Abrams and Kubiske 1990,
Iverson and others 2008b) (chapter 3). The rank order of
growth sensitivity of mesic hardwood > pine > oak from
Clark and others (2014b) is consistent with growth and
mortality trends reported for the 1999-2001 drought
from analysis of FIA data (Klos and others 2009).
Despite low growth sensitivity to drought on average,



CHAPTER 4

Impacts of Increasing Drought on Forest Dynamics, Structure, Diversity, and Management

4 —O6— Kentucky mesic trees
I. |
2 11
. 1
el | L
_ i .' U () |
) ] [ | 1 I |
E v | .!I Il Ii '1t
R | = L A RR
E I. | il | .l |
E | Wik vl A | 1R
111 | I
1“:’ ] [ Ii | | | | |
2 | '
3 | | ]
g . |
c
o |
(X
)
o
-4
-6
1800 1850

Eastern Kentucky drought 4
]
1
| | 2
|
i " | 1 |
| | | Ill
| | |I Mol ! 2
il i 1 I | Il 2
Hid ! ]
M0 o 3
| | | ] 5
Lr 1]
| | o
| i 3
| =
| | | | 5
| ! | =
| | -2 ;";
! | 3
2
-4
-6
1900 1950 2000
Year

Figure 4.3—Growth responses to summer drought on mesic sites in Kentucky, 1796-2005. Average tree growth
(orange line with circles) correlates with an independent reconstruction of summer Palmer Drought Severity Index
(PDSI) (June, July, August) (r = 0.55, blue line). Chronologies plotted in light gray include eastern hemlock (Tsuga
canadensis), tuliptree (Liriodendron tulipifera), chinquapin oak (Quercus muehlenbergii), and blue ash (Fraxinus
quadrangulata). Despite differences in collections and land-use histories, they show a similar change in direction
during specific PDSI conditions: positive growth during wet conditions (PDSI > 2) and vice-versa (adapted from

Pederson and others 2012).

white oak growth rates can be correlated with moisture
available early in the growing season, particularly in

dry climates (LeBlanc and Terrell 2009, Pasho and
others 2011). A combination of high temperatures

and a reduction in moisture could further benefit oaks
because many nonoak hardwoods display intermediate
drought sensitivity for growth (Clark and others 2013,
Klos and others 2009). Although oaks in the red oak
subgenera can be susceptible to mortality during
drought (Clinton and others 1993, Elliott and Swank
1994, Haavik and others 2011, Hursh and Haasis 1931,
Jenkins and Pallardy 1995, Pedersen 1998, Starkey and
others 1988, Voelker and others 2008), white oaks can
show stronger growth responses.

Local environmental conditions further mediate drought
impacts on individual tree growth. For most species
of the southeastern Piedmont and Appalachians, the

largest growth sensitivity to drought occurs for trees at
high light levels, a positive light-drought interaction. This
positive interaction has been shown for juvenile growth
of loblolly pine (Pinus taeda) (fig. 4.4), but it is not
evident for adult growth or for fecundity. The interaction
between localized soil moisture conditions and drought
has implications for whether or not moist sites can
provide a refuge for some species if droughts intensify.
Short-term responses in mesic sites could be important
for the drought-sensitive species dependent on such
habitats. Furthermore, specific edaphic characteristics
also influence the severity of droughts. For example,
fragipan soils in some pine flatwoods of the Southeast
restrict root depth and access to deep moisture
(Rahman and others 2006, Wackerman 1929).

Large growth and fecundity responses to drought
in southeastern forests could occur initially for trees

EFFECTS OF DROUGHT ON FORESTS AND RANGELANDS IN THE UNITED STATES
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Figure 4.4—A joint distribution of three demographic responses is obtained when all responses
are fitted simultaneously, as part of the same model. This example shows interactions that
control responses of loblolly pine (Pinus taeda) to winter temperature (above) and summer
Palmer Drought Severity Index (PDSI) (below) with light availability. Effects differ for growth
and fecundity, in juveniles and adults. Amplifying positive interactions (growth) and buffering
negative interactions (fecundity) are both evident. In all panels, contours increase from low at
lower left to high at upper right (Clark and others 2013).

at high moisture levels, where leaf area, and thus,
moisture demand is greatest (fig. 4.5) (Clark and

others 2014b). Mesic sites might see more dramatic
transitions because they often support sensitive species
dependent on abundant moisture (Clark and others
2014b, Elliot and Swank 1994). Still another possibility is
that sensitivity could be highest on sites of intermediate
moisture (Dormana and others 2013). Moreover, the
sign of the interaction between drought index and

local drainage might shift from short-term positive

(loss of moisture-demanding species on mesic sites)

to negative (eventually the moist sites provide refuges
for some species). Both phenomena could occur
simultaneously. Stand response to sequential drought
impacts will differ from individual events (Miao and
others 2009).

Drought and tree health—Opportunistic reports of
mortality following drought are common (Hough and
Forbes 1943, Parshall 1995), but connections between
drought and tree death are more difficult to quantify
than those for tree growth. For example, extensive
drought across much of the Western United States

and adjoining Canada coincides with declining tree
growth, which can anticipate mortality (Allen and others
2010, Hicke and others 2013, Joyce and others 2014,

O’'Connor 2013, Williams and others 2013). Extended
morbidity can precede death, a legacy of low vigor
spanning decades (Wyckoff and Clark 2002), potentially
related not only to repeated drought (Pedersen 1998,
Pederson and others 2014, Voelker and others 2008)
but also to any other risk factors that occur during the
interval. Mortality rates in some old-growth forests
during nondrought years have increased since the
1970s, attributed in part to warming temperatures in
southwestern forests (van Mantgem and others 2009)
and boreal forests in western Canada (Luo and Chen
2013, Peng and others 2011). Even where adequate
moisture is available, rising temperatures could affect
the health of individual trees.

Juvenile sensitivity to warming may restrict future
habitats to mesic sites (MclLaughlin and Zavaleta
2012). For trees beyond the seedling stage, Luo and
Chen (2013) argue that warming has greatest impact
on mortality rates of young trees, but there are also
reports that old white spruce (Picea glauca) (Wang
and others 2006) and English oak (Quercus robur)
(Rozas 2005) show the strongest response to climate.
Decreased vigor of trees due to drought and/or heat
stress makes them more vulnerable to secondary
mortality events. Pathogen-drought interaction studies
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Figure 4.5—Drought effects on growth interact with soil
moisture. For American elm (U/mus americana) on the
Piedmont Plateau in North Carolina, growth is most sensitive to
drought on wet sites at low elevation (see contours), potentially
contrary to the intuition that xeric stands are at greatest risk
of drought. This is a positive moisture index/Palmer Drought
Severity Index (PDSI) interaction, with the largest response to
PDSI occuring on moist sites (Clark and others 2014b).

have thus far focused on cankers and root pathogens,
with less emphasis on foliar diseases and biotrophic
pathogens (Desprez-Loustau and others 2006). Many
pathogens can tolerate a greater range of water stress
than the plants they infect, and the combination of
pathogen infection and moisture stress on host trees
can increase disease severity (Desprez-Loustau and
others 2006). Fungi that commonly occur in plant tissue
may become pathogenic with reduced resistance

from a water-stressed host (Desprez-Loustau and
others 2006). Drought conditions can increase damage
from secondary pathogens (those infecting tissue in
poor physiological condition) while reducing damage
from primary pathogens (those infecting healthy
tissue) (Jactel and others 2012). Some examples of
the interactions include increased mortality of holly

oak (Quercus ilex) seedlings from the pathogenic
oomycete Phytophthora cinnamomi (Corcobado and

others 2014) and the transition from quiescent to
pathogenic Sphaeropsis sapinea on red pine (Pinus
resinosa) seedlings (Stanosz and others 2001) under
water stress. Such interactions are also reported in the
tropics (Brenes-Arguedas and others 2009). Conversely,
mutualistic associations with mycorrhizae and other
beneficial microbes may mitigate the effects of
drought. Drought can decrease mycorrhizal colonization
(Compant and others 2010) and alter structure and
function of rhizosphere microbial communities in

ways that are not yet well understood (Evans and
others 2014, Hawkes and others 2011). Many fungal
and oomycete pathogens require moisture for spore
dispersal, germination, or infection (Desprez-Loustau
and others 2006). The moisture-pathogen interaction

is complicated by the fact that moist conditions that
promote fungal infection can also benefit the host plant
(Hersh and others 2012).Combined effects may depend
on the pathogen’s mode of attack and on the degree of
host stress (Desprez-Loustau and others 2006, Jactel
and others 2012).

Drought and tree recruitment—This synthesis
emphasizes growth and mortality, not because they
are more important than recruitment, but rather due to
the fact that recruitment is poorly understood. Indeed,
recruitment warrants special consideration, both for
its central role in decade-scale responses to drought,
and because it has been especially difficult to study

at the regional scale, to represent in models, and to
predict. Drought can impact future forest composition
through reduced fecundity, limited seed germination,
and mortality of shallow-rooted seedlings that have
limited carbohydrate and water storage (chapter

3). Unfortunately, most empirical studies of climate
effects on seed production are limited to a few years
(or less) and a few small study plots (Clark and others
1999). Some of the longer studies focus on interannual
variation, but few provide evidence for decade-scale
effects of increasing drought.

Drought effects on fecundity are complicated by
feedbacks with other factors that contribute to masting
cycles and recruitment success, and the interactions
involving weather and seed production can span several
years, thereby precluding simple generalizations on
effects of drought. For instance, the development

of moisture limitation over successive years appears
especially important for fecundity. In general, female
function in trees is stimulated by resources, including
moisture (Perez-Ramos and others 2010), CO, (LaDeau
and Clark 2001), and light availability (Clark and others
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2014b). Seed production of many species shows
positive interactions between moisture and light, with
trees at high light levels showing the greatest response
to moisture availability (Clark and others 2014b). Warm,
dry weather may be beneficial during flower induction
the year before seeds ripen (Houle 1999, Pucek and
others 1993), a situation imposed artificially by water
restriction in some fruit crops (Owens 1995). This
effect may be enhanced if dry conditions follow a wet
year (Piovesan and Adams 2001). Drought-induced
increases in fecundity may be followed by reduced
seed production up to several years thereafter (Bréda
and others 2006, Innes 1994). In Mediterranean oaks,
moisture availability is critical during the time when
seeds are maturing; masting cycles can be disrupted by
low rainfall (Koenig and Knops 2013, Perez-Ramos and
others 2010).

Not all drought influences on tree recruitment should
be construed as negative. Seedling recruitment and
resprouting may increase following drought-related
disturbances that impact the local environment, often
for many years (Cooper-Ellis and others 1999, Dietze
and Clark 2008, Kayes and Tinker 2012). Interactions
with canopy structure and hydrology are important for
tree recruitment in many different forests. On xeric sites
in the Western United States, recruitment can benefit
from a facilitation effect of the canopy on seedlings and
saplings, an effect that is reduced by drought-related
reductions in leaf area (Caldeira and others 2014,

Royer and others 2011). On mesic sites, increased light
penetration could promote recruitment and sapling
growth (Galiano and others 2013, McCarthy-Neumann
and Ibanez 2012). First-year seedling mortality can be
high due to damping-off fungi, particularly in cool, wet,
shaded understories (Hood and others 2004, Ichihara
and Yamaji 2009); hence, drier conditions may reduce
these losses on some sites.

Drought-influenced processes that occur within
individuals can affect organismal resource allocation,
growth, maturation rates, fecundity, and survival,

each of which can react to drought in different ways
dependent on the responses of others (fig. 4.4). Taken
together, the studies summarized in these sections
clearly demonstrate individual tree vulnerability to
drought, but they only hint at the complex biotic
interactions that help determine where on a forested
landscape drought will have the most profound impacts.
While we have built on our current understanding of
climate effects on individual trees (chapter 3), our
intent is to anticipate consequences for forest structure

and composition. After all, many factors contribute to
the challenge of forecasting how increasing drought
will affect forest structure and diversity. Changing
temperature and precipitation are producing climate
combinations that alter frequency, intensity, and
seasonality of drought (Allen and others 2015, Dai 2012,
Wehner and others 2011). As a result, novel forest
assemblages will emerge as individual trees respond
and populations shift their landscape positions and
migrate geographically. For example, it is possible that
moist sites will provide refuges if climate becomes
more xeric and an alternative positive interaction could
result from competition—the water-demanding species
on wet sites fully utilize more abundant moisture supply
and thus are especially vulnerable when moisture
availability declines (Frelich and Reich 2010). This
transition is a collective response of individuals in the
context of the populations and communities found in
their local environment.

Many of the open questions summarized in the
previous sections arise from the challenge of
translating improved understanding of demographic
consequences for trees to predictions of change in
forests. Because of the complex interactions between
organisms, populations, communities, sites, and other
environmental determinants, many of the observations
on individual trees (fig. 4.3) only poorly translate to
predictions of stand-level responses. The following
sections emphasize drought impacts on the forest
stand, long considered the fundamental scale both for
management and community ecology (e.g., O'Hara and
Nagel 2013).

Interactions and the size-species distribution—
Some interactions occur between individuals, such

as competition in crowded stands, and represent one
of the most influential determinants of tree growth

and survival. Drought may operate differently in

stands of different density and age (Esper and others
2008). Stands with open canopies or ones in which
leaf area index decreases during drought (chapter 3)
could experience increased understory irradiance and
transpiration demand. Klos and others (2009) likewise
found that the effects of drought on growth and survival
might increase with stand age in the Southeastern
United States. Due to the large sample interval in many
climate-mortality studies, evidence is equivocal. The
disparate results could also indicate the importance

of unobserved variables that co-vary with density and
stand age (D'’Amato and others 2013).
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Climate variation that promotes growth or survival through shading and transpiration. Biogeographic

of individual trees usually has similar effects on patterns in distribution and abundance emerge

their neighboring competitors, depending on the as individual responses translate to SSDs across
size-species distribution (SSD) of the stand. The heterogeneous landscapes. Management aims

SSD is the distribution of trees across species and to modify SSDs (for example, via thinning and

size classes. The SSD results from interactions of encouraging regeneration) to meet specific objectives,
individuals, as each tree responds to local conditions including controlling the SSD of stands to regulate
and weather. Competition and climate affect the bark beetle outbreaks (chapter 6). The fact that the
species and size classes that make up stands in SSD responds to climate change as a joint distribution
different ways. There is feedback—the structure itself  of species and size classes has challenged our ability
determines how the SSD will respond to drought to anticipate the impact of drought.

MOISTURE AND SIZE-SPECIES DISTRIBUTIONS

How can the effects of drought on forest structure and diversity be quantified? Conversely, what
can structure and diversity tell us about past and potential future responses? Such questions require
effective summaries of how temperature, precipitation, and day and season length together influence forest
demography—changes in the size-species distribution (SSD) of stands. Annual temperature and precipitation
partly explain biodiversity and productivity gradients at sub-continental scales. But their combined effects
depend on stand structure and on seasonal timing, more like the hydrothermal surplus (HTS) and hydrothermal
deficit (HTD) in the degree-hours during months with positive and negative water balance, respectively (fig.
4.6). Unlike annual values, HTS and HTD describe the seasonal convergence of factors that affect competition
between size-species classes. High temperatures and precipitation contribute to long, warm, wet growing
seasons along the Gulf Coast. The resultant high HTS values extend up the moist Southern Appalachians,
declining to the north and west, but different from either temperature or precipitation alone, in part due to
summer deficits. The HTD is especially large in the Piedmont Plateau, Coastal Plain, and western Gulf Coast.
The length of the growing season is short in the Northern United States, but during the growing season days
are long. At this time, moisture is more available in the Northeast than the upper Midwest.

The hydrothermal surplus and deficit (see figs. 4.6 and 4.7 on the next page) and PDSI (the basis for CDSI
of the text box on page 60) are two examples of variables used to explain forest properties. Note agreement
between CDSI (fig. 4.1) and HTD (fig. 4.6) in the South, but disagreement in the upper Midwest. One reason
for this difference is the fact that CDI counts every month when PDSI is low, progressively amplifying their
effects fromm month to month, whereas HTD considers the entire growing season as a unit.

Perhaps most important are changes in surpluses and deficits, shown as a different map in Figure 4.7.
Despite the fact that deficits dominate in specific regions (the West and Southeast), forests throughout the
East are exposed to increasing deficits (fig. 4.7).

The SSD is a stand-level variable, a distribution of species and sizes, related through history, climate,
and competition (histograms in fig. 4.6). Knowledge of the SSD is required for understanding demography,
biodiversity, competitive interactions, fuel structure, and response to moisture stress. SSDs are a focus of
management practice. For a given stand there is a distribution of stems across species (vertical axes) and
size classes (horizontal axes). Disturbance and succession affect the species composition of large and small
size classes. Advance regeneration in small classes provides clues to future stand composition. SSDs vary
geographically with climate, soils, and time. For example, species present in the largest size classes can have
disproportionate access to light and moisture, thereby suppressing competitors. Crowding affects canopy
architecture of individuals, thus influencing their vulnerabilities to drought (fig. 4.12). Thus, different SSDs are
expected to respond to drought differently. For this reason, physiology and tree-ring studies of individuals do not
directly translate to the forest stand. Thus far, models used to anticipate forest response to drought are based
on estimates of how individuals respond to climate. We suggest new efforts to quantify the SSD response.

(continued next page)
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MOISTURE AND SIZE-SPECIES DISTRIBUTIONS
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Figure 4.6 —Expressed on a relevant scale for trees, such as the number of degree hours at positive
(hydrothermal surplus, HTS) and negative (hydrothermal deficit, HTD) water balance, large geographic contrasts
contribute to size-species distributions (histograms). Surplus (above) and deficit (below) both reach maximum
values near 3000 degree hours, but in different locations. With sufficient moisture, high temperature (up to a
point) increases development. Long days and growing seasons combined with moisture (high HTS) benefit
species capable of exploiting these conditions in competition with individuals of other species. Conversely, a
large number of degree hours at negative water balance benefits species capable of tolerating drought. In the
Southeast, surpluses and deficits are both common. The upper Midwest has much lower precipitation, but also
lower temperatures and shorter growing seasons. The Northeast benefits from infrequent deficits, despite lower
temperatures. Size-species distributions (SSD), shown for four different regions, reflect climate differences and
stand history (Clark and others, In press).

1970 - 1985 Change since 1985

WL
7 3
- Ej'
+2000 o ‘9 i % +1000 gy
% ~2000 & {;&: ~1000

Figure. 4.7—Deficits commonly develop throughout the Eastern United States each growing season, particularly
in the Midwest and Southeast. At left is the difference between surplus and deficit (black isohydrotherm is drawn
at -1000 degree hours) from 1970 to 1985. The recent shift to larger deficits is nearly ubiquitous in the Eastern
United States (black line is drawn at zero difference before and after 1985). (Clark and others, In press).
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Understanding why individual responses do not readily
extrapolate to the SSDs of stands is related to how the
SSD mediates a climate response. For instance, when
using an analysis of FIA data specifically targeting

the 1999-2001 drought in the Southeast, Klos and
others (2009) found a weak relationship between
stand diversity and drought impacts, suggesting

that the partitioning of resources occurring in many
stands buffered at least some drought effects. For
codominant trees in crowded stands (trees with
crowns in the main canopy), growth and mortality
rates are dominated by competition. Canopy individuals
that might respond positively to a moist growing
season are constrained by the fact that the competing
neighbors largely benefit at the same times. At the
stand level, mortality can increase as a result of
favorable conditions, because thinning rates increase
with growth rates, despite the fact that conditions
have improved on average.

Hence, the interdependence of individual responses
that make up the stand response is harder to
measure, replicate, and quantify than the response

of an individual tree. For example, drought impacts
depend on the species and size classes of individuals
competing for moisture and light (see Moisture and
Size-Species Distributions text box on pages 67 and
68). Soil moisture depends on an interaction that
involves climate, redistribution by local drainage,

and uptake by competing trees (fig. 4.5) (Ackerly

and others 2010, Loik and others 2004). Conversely,
drought that depresses growth of individual trees

can also decrease crowding effects, reducing the
competitive pressure on growth and survival. In fact,
the competition interaction with climate can reverse
the apparent effect of climate, depending on whether
the focus is the individual tree or the stand (Clark

and others 2014b). In contrast to codominant trees
that experience high competition for light, the tallest
(dominant) trees with emergent crowns may respond
more directly to climate. The rare individuals that make
up the right-most extremes in the preceding text box
are the focus of many tree-ring studies, but they would
almost never appear in small [0.0672-ha (hectare)] FIA
plots (note that trees are sampled on the larger 0.4-ha
macroplots in Western States). Best represented in
plot-based studies are the smallest size classes, which
in crowded stands can be limited by both light and
moisture. The large number of positive interactions
between light and drought result from the fact that
individuals not severely light-limited can respond most
to climate variation (Clark and others 2014b).

Interactions that occur within stands mean that
stand-level responses to drought will not necessarily
agree with studies of individual growth and survival.
Responses of individual trees at low moisture availability
do not tell us how the abundances of different species
will change as a result of drought. Response of size-
species structure depends on how these individual
responses translate to population growth rates, each
population being an aggregate across individuals

of all size classes, competitive environments, and
microhabitats (see Moisture and Size-Species
Distributions text box on pages 67 and 68). If species
that can tolerate xeric conditions progressively increase
in abundance within stands that lose productivity and
have lower transpiration demand, then the moisture for
which trees compete becomes a competition feedback
(D’Amato and others 2013). Development of better
methods to combine the evidence from different scales
is a goal of biodiversity research. The uncertainty that
comes from climate-competition interaction effects on
SSDs at the landscape scale must be met with studies
that evaluate responses at both scales.

For example, climate-competition interactions are
evident in several studies at the individual-tree scale
(Cescatti and Piutti 1998, Martin-Benito and others
2011), at the stand scale (D’Amato and others 2013),
and even across plot networks (Clark and others 2011,
2014b). However, climate variables often emerge as
weak predictors of large-scale mortality, at best (Dietze
and Moorcroft 2011, Gustafson and Sturtevant 2013,
Lines and others 2010), and any patterns may be hard
to interpret. A tendency toward higher mortality rates

in warmer climates is expected on the basis of higher
productivity in warmer climates—partly explained by
the fact that high growth is attended by rapid thinning
(Assmann 1970, Clark 1990). Some of the largest
studies involving FIA data provide relationships that are
geographic, rather than change over time. For example,
a synthesis of plot data on 48,000 trees spanning

50 years over 4 Midwestern States did not find a

link between precipitation and mortality, but rather
highlighted the importance of competition (Yaussy and
others 2013). While increased rainfall variability in recent
decades (Li and others 2011, Melillo and others 2014)
may influence geographic variation in mortality rates,
the relationship between temperature and mortality
does not necessarily constitute a threat of climate
change—a study of geographic variation in mortality
rate with average temperature did not necessarily find
a vulnerability to temperature (Zhu and others 2014).
Dieback events are also attributed to combinations



CHAPTER 4

of physiological stress (Breshears and others 2009,
Williams and others 2013), insect outbreaks (Gaylord
and others 2013, Raffa and others 2008), and increased
extent and severity of wildfire (Littell and others 2009,
Westerling and others 2006, Williams and others 2013).
Recruitment failure (Bell and others 2014, Brown and
Wu 2005), growth decline (Chen and others 2010,
Hogg and others 2008, Williams and others 2013), loss
of canopy cover (Rehfeldt and others 2009, Worrall

and others 2013), and extensive mortality (Allen and
others 2010, Breshears and others 2005) have all played
different roles in specific dieback episodes.

Even when drought does not directly kill trees, its
effects on reduced vigor on competitive ability has
implications for forest composition and structure. The
critical roles of recruitment response to drought for
future forests range from effects on migration potential
to recolonization of diebacks. The relationship between
diversity and resilience to drought may also vary among
ecosystems (Grossiord and others 2014). Year-to-year
volatility and high spatial variation that comes with

the many feedbacks involving weather, competitors,
fungal symbionts, and pathogens make it difficult to
quantify. For example, ecologists have long suspected
that pathogens mediate competition between trees of
the same species when that species is at high density
(Connell 1970, Janzen 1970), commonly termed
density-dependence. Increases in natural enemies that
occur where a host is abundant decrease the likelihood
of any one species becoming dominant. If the host tree-
pathogen relationships that promote diverse community
structure are modulated by moisture availability, then
drought effects could be unpredictable (Benitez and
others 2013, Hersh and others 2012).

Evidence that temperate forest stands may see a long-
term increase in oaks (Bachelet and others 2003, Clark
and others 2014b) presents an apparent paradox, given
that oak recruitment has declined in many regions
(Abrams 2003, Fei and others 2011) (fig. 4.11). Advantages
for oak trees under more xeric conditions are consistent
with the population-scale tendency for oaks to expand in
regions of low rainfall, but recruitment response remains
questionable. In part, this may arise because seedling
germination, establishment, and early survival are
especially susceptible to environmental variation (Grubb
1977, Harper 1977, Ibanez and others 2007, Silvertown
1987). The increased susceptibility of juvenile trees may
be particularly acute in dry regions where interannual
climatic variation is associated with episodic recruitment
(Brown and Wu 2005, Jackson and others 2009). High

mortality of seedlings relative to adults suggests a
bottleneck on population growth rate, but direct evidence
for its effects on fitness of many interacting species is
lacking. For example, competition in the years following
seedling establishment may sometimes blur the impacts
of high interannual variability on recruitment.

Increasing attention to interactive relationships among
demographic processes is moving in the direction of
more comprehensive synthesis, involving both individual
growth (Bugmann 2001) and mortality (Allen and others
2010, Breshears and others 2005, van Mantgem and
Stephenson 2007, van Mantgem and others 2009).

The fact that drought impacts depend on interactions
highlights the need to study both individual- and
stand-level responses. For instance, those interactions
involving drought and the biotic environment contribute
to recruitment variation following disturbance, canopy
gaps, fires, landslides, ice storms, timber harvesting,
and pest outbreaks (Brown and Wu 2005, Hubbell and
others 1999, Pederson and others 2008, Savage and
others 1996). Specific examples of the interactions

that can occur between disturbance and moisture
availability include the increased recruitment near the
prairie-forest ecotone in Minnesota during the 1930s
drought (Shuman and others 2009) and in the Great
Basin following fire suppression, livestock introduction,
and wet climatic conditions in the late 1800s (Miller and
Rose 1999). Thus far, there is much more information
available on responses of individual trees than of
stands, and the important interactions that will control
stand responses to drought remain poorly understood.
Questions remain if we can anticipate which effects of
anticipated drought-mediated change are likely to be
most severe, in what ways, and on which parts of the
landscape.

Drought-Mediated
Biogeographic and Biome
Shifts in U.S. Forests

This section extends stand-level effects to
biogeographic responses at regional to subcontinental
scales. Biogeographic change in forests can include
migration (change in distribution) and changing
abundances within current ranges. While much of the
literature on climate change and species migration
does not focus specifically on effects of drought,

this literature is relevant to increasing drought, which
depends on interactions between temperature and
precipitation (chapter 3). Evidence that species
distributions are responding to climate change has been
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both a source of concern and a reassurance that species
may have the capacity to migrate to new locations. The
climate change-species migration studies suggesting
that potential distributions of many species are shifting
faster than are the populations themselves could apply
not only to temperature but also to drought.

Forests respond to drought through both changes to
the SSD and to immigration and local extinction (Chen
and others 2011, Parmesan and Yohe 2003). Changes

in species distributions occur when regeneration is
successful beyond the current population frontier or
when regeneration fails in a portion of the current range.
In some cases, drought may relocate suitable habitats
within the geographic range, such as shifts from areas of
low to high moisture availability—for instance, at higher
or lower elevations or adjacent to wetlands or bodies

of water. Migration studies usually combine knowledge
of species traits, paleo evidence for past spread, and
modern landscape heterogeneity (Prasad and others
2013). However, migration occurs at and beyond range
limits, where local heterogeneity in recruitment success
(Ibanez and others 2007, Morin and others 2007, Pitelka
and others 1997), low population density, the potential
importance of rare dispersal and establishment events
over broad regions, and a lack of good distributional data
on most species make migration difficult to detect and
to quantify (Clark and others 2003).
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Further complicating matters is that the concept

of migration is not applied consistently. For plants,
“migration” most often refers to accumulated gains

and losses in the area occupied by a species, typically
at a regional scale. Poleward or upslope expansions

in response to warming climate are examples of

this usage. A different definition of migration refers

to latitude- or elevation-weighted abundance or
performance (Feeley and others 2011, 2013; Gottfried
and others 2012). Such weighted averages can be
calculated for samples where observations are individual
organisms, abundances of species on plots, or a
performance measure (Lenoir and others 2008, \Woodall
and others 2009). For example, growth rates of trees
can be used to calculate performance-weighted mean
latitude for the species. The mean latitude calculated

by this approach can change from one survey to the
next, regardless of whether or not the population
moves—even if the range is static, the mean will
change if individuals in different parts of the range grow
faster/slower than before. Like weighted averages,
parametric functions fitted to occurrence, abundance,
or demographic rates (Canham and Thomas 2010, Clark
and others 2014a, Mok and others 2012, Vanderwel and
others 2013, Zhu and others 2014) can be dominated by
samples where the species is abundant and insensitive
to range margins. The smooth declines in performance
near species distribution limits assumed in many
models are not widely observed in demographic data
(fig. 4.8). Hence, metrics that focus on population
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Figure 4.8—Models of distribution and abundance impose unrealistic relationships on Forest Inventory and Analysis data from the
Eastern United States. The ubiquitous assumption that abundance and performance decline at range boundaries (e.g., a Gaussian
model) contrasts with a spline smoothing (dashed red) of data (dots). Example shown here is red maple (Acer barbatum) (Clark and

others, In press).
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centroids can provide valuable insight on geographic
patterns and migration trends, but it is important not to
interpret them as a change in distribution of the species.

Although latitudinal migration in response to warming
could be occurring for some species, evidence of
poleward movement of trees is even less obvious
than upslope migration. WWarming over the last century
in the continental United States has been most rapid
in the upper Midwest and Northeast, due to the
combination of regional climate change and low relief
(chapter 2). Poleward migration would be identified

by establishment of new recruitment out ahead of
established range boundaries, especially in these areas
of rapid change. This pattern is not evident in FIA data
(Zhu and others 2012). It is important to point out that
there are only a few examples of rapid contemporary
natural tree migrations (Fastie 1995, Pitelka and others
1997). The paleo record may also provide examples

of rapid spread in response to climate change, such

as hazelnut (Corylus) expansion into western Europe
in the early Holocene (Huntley and Birks 1983).
However, many paleorecords are not well suited for
determining rates of species migration or localized
responses to short-term drought. For example, the
sporadic occurrence of fossils in lake sediments can
mean that a few trees are nearby or that many trees are
far away, making it difficult to infer when a population
arrives or disappears from a region. Interpretations of
paleorecords to suggest rapid tree migrations, which
were common in the past, are inconsistent with current
understandings of species dispersal and life history
observations (McLachlan and others 2005). Pollen
records tend to lack fine-scale temporal resolution and
can be ambiguous about the relationships between
climate and vegetation patterns, especially when data
are limited (e.g., Minckley and others 2008).

While some latitudinal migration may be underway,

it is likely sporadic and difficult to detect—a pattern
predicted by some models (Clark and others 2001).
For example, FIA data failed to detect the southern
magnolia (Magnolia grandiflora) expansion in the
southeastern Piedmont (Gruhn and White 2011). The
spread of this species is facilitated by horticultural
practice, but populations are clearly capable of invading
shaded understories of Piedmont forests. One of

the few examples suggesting rapid spread from the
Zhu and others (2012) analysis is American holly (/lex
opaca), which has ripe berries available for northward
migrating birds in spring. Loss of paper birch (Betula
papyrifera) and black spruce (Picea mariana) from

the Blackrock Forest in New York could be explained
not only by increasing temperatures, but also by
successional trends in these aging forests (Schuster
and others 2008). However, new arrivals at that site

in this century include some that are near or beyond
their commonly recognized range limits, including
southern catalpa (Catalpa bignonioides), cockspur
hawthorn (Crataegus crus-galli), red mulberry (Morus
rubra), cottonwood (Populus deltoids), and slippery
elm (Ulmus rubra). In each of these cases, researchers
found that migrations are difficult to detect due to

the fact that establishment is sporadic. Although
researchers could argue that migrations are simply
undetected, it appears clear that waves of rapid spread
exceeding 10° meters per year that would be required to
match the pace of shifting habitats are not occurring.

Opportunities for migration to track changing potential
distributions are also found in landscapes with
topographic relief and, thus, variable drainage and a
range of suitable microclimates. The most effective
migration could be expected in mountainous regions of
compact climate gradients, where habitat shifts might
not require long distances. For example, Beckage and
others (2008) found that northern hardwood species
invaded plots at a lower boundary of boreal forest in the
Green Mountains of Vermont over the last half century.
In this location, the ecotone is sharp, concentrated
within 200 m of elevation. The mountainous terrain of
the West can provide nearby upslope locations with
lower temperature and higher precipitation (Jump and
others 2009). Species in the Rocky Mountains that

are not already at high elevations may lose much of
their current habitat but could potentially find suitable
habitats at different elevations (Bell and others 2014).
Coops and Waring (2011) predict a large distributional
shift and reduction in range extent for lodgepole pine
(Pinus contorta) in the Pacific Northwest due to a
projected increase in late summer drought. Using the
same approach, Coops and others (2011) discuss why
western redcedar (Thuja plicata) and western hemlock
(Tsuga heterophylla) may expand their ranges, whereas
ponderosa pine (Pinus ponderosa), lodgepole pine, grand
fir (Abies grandis), and noble fir (Abies procera) ranges
may contract. Still, even in such topography where
dispersal is probably not limiting, tree upslope shifts
appear to lag climate change in the Alps (Gehrig-Fasel
and others 2007) and Andes (Feeley and others 2011).

Large-scale disturbance could accelerate migration,
opening stands for invasion by propagules that would
otherwise fail to invade competitive understories
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(Dukes and others 2009, Weed and others 2013).
Changes in land cover and diebacks resulting from
combinations of climate, disease, and human action
can all contribute to expanding or contracting ranges
(Man 2013). Expansion of chaparral at the expense
of forest is predicted for the San Francisco Bay Area
(Cornwell and others 2012). Franklin and others (2013)
predict changing distributions of 13 tree and 29 shrub
species in California, with moisture being the most
important cause. Declines in conifers and broadleaf
deciduous trees and increases in grasses and shrubs
are projected in parts of the West (Jiang and others
2013). Because many drought-tolerant species are
also tolerant of fire, new range limits can depend

on changes in fire regime. Increased fire frequency,
size, and/or intensity (all of which have increased in
the Western United States over the past 30 years)
(Miller and others 2009) in forest types that are fire-
maintained can rapidly shift composition, structure,
and function of forests. Replacement of conifer forest
by mixed evergreen forest and conversion of shrubland
to grassland may be accelerated by fire (Lenihan and
others (2008). Declines in the extents of valley oak
(Querus lobata) and blue oak (Quercus douglasii) are
possible in California (Kueppers and others 2005).

However, the extent to which large diebacks could
promote migration remains uncertain (Kane and others
2011, Linares and others 2009). In part, this is because
future range shifts are difficult to anticipate due to
limited evidence on the combinations of variables that
control current range limits. For example, there is no
clear indication that demographic rates, such as growth,
survival, and reproduction (in other words, the patterns
that would allow us to estimate factors that control
distributions), decline near population frontiers (Abeli
and others 2014, Tardiff and others 2006) (fig. 4.5). Yet
the capacity for drought-induced dieback to accelerate
change, including interactions involving fire and insects,
suggests that change could occur at different rates,
over centuries, and may be punctuated by episodic
transitions. Tracking potential distributions could also
depend on fire and other disturbances that accelerate
migration. Therefore, the combination of large projected
habitat shifts with limited evidence for the rapid
migration that would be needed to track it suggests that
biogeographic patterns could substantially lag climate
change.

Our desire to anticipate the effects of increased
drought on species diversity highlights the challenge of
understanding an inherently stand-level consequence

that can vary regionally. In an example from the
Eastern United States, Clark and others (2014a) found
that the strongest relationship between species
diversity and climate resides in the upper Midwest for
precipitation and in the upper Midwest and Northeast
for temperature. In western forests, especially those
in warm and dry climates at low elevations, increasing
drought could result in loss of some species, and this
loss could be accelerated by dieback (Bell and others
2014, Kelly and Goulden 2008). The following sections
take a more regional perspective on some of the likely
biogeographic consequences of increasing drought in
forests.

The last century does not include droughts as severe
as some of those in previous centuries in some parts
of the East (Cook and others 2010, McEwan and
others 2011, Pederson and others 2013, Stahle and
Cleaveland 1992, Stahle and others 1988). Drought
effects on tree growth and survival in eastern forests
are important not only in upland habitats (Abrams 1990,
Graumlich 1993, Pederson and others 2012) but also

in bottomlands and coastal wetlands (Cook and others
1999, Stahle and Cleaveland 1992). Drought effects also
include coincidental events that could impact growth
and mortality. For example, fires in the Eastern United
States have increased in frequency and area burned
during periods of low precipitation, high temperatures,
or both (Clark 1989, Lafon and Quiring 2012, Lynch and
Hessl 2010).

Regionally based growth-related drought responses

of nonoak hardwood and conifer species are diverse.
High temperatures appear to limit tree growth in many
species, perhaps more in the South and Midwest

(St. George and Ault 2014, Williams and others 2011)
than in the North (Martin-Benito and Pederson 2015,
St. George and Ault 2014, Williams and others 2011).
Growing-season moisture deficits are common in the
southeastern Piedmont and Southern Appalachians,
and drought sensitivity of some pine species is high

in this region (fig. 4.9) (Clark and others 2014a, Cook
and others 2001, Henderson and Grissino-Mayer 2009,
Schumacher and Day 1939), with possible exceptions
at northern range margins and higher elevations (Bhuta
and others 2009, Cook and others 1998, DeWeese and
others 2010). Loblolly pine plantations along the coasts
of Florida, Georgia, and the Carolinas may benefit from
more consistent late-summer rainfall, a longer growing
season, and a higher water table than is common in the
more deficit-prone Piedmont (Jordan and others 2008).
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Growth/fecundity sensitivity to summer drought (PDSI)
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Figure 4.9—The joint distribution of growth and fecundity provides a sensitivity estimate to drought
for southeastern tree species. High prediction scores on the vertical axis indicate high sensitivity
(relative rather than absolute scores are meaningful). Species without bars at right are off the scale and
insensitive relative to those at left (Clark and others 2013).

The interactions involving competition and drought could
contribute to habitat shifts in the Eastern United States.
Klos and others (2009) suggested that dense stands may
experience the most severe impacts of drought, which
agrees with the positive interaction between drought and
competition found in studies of single species in Europe
(Cescatti and Piutti 1998, Martin-Benito and others 2011),
at the stand level in the upper Midwest (fig. 4.12), and

at the tree scale for many species in the Eastern United
States (Clark and others 2011, 2014b). In the upper
Midwest and Lake States, stand composition may shift as
drought-tolerant pines and oaks potentially expand relative
to drought-intolerant quaking aspen (Populus tremuloides),
bigtooth aspen (Populus grandidentata), and paper birch
(Betula papyrifera) (Handler and others 2014, Scheller and
Mladenoff 2008). Boreal and lowland conifers, northern
hardwoods, aspen-birch, and riparian communities may
decline with increased drought predicted for this region
(Handler and others 2014). Eastern oak-hickory forests
could potentially expand as other species become less
competitive (Handler and others 2014).

Taken together, many species are vulnerable to drought
in eastern forests. How this vulnerability at the individual
scale translates to future forest composition and structure
remains uncertain. Geographic variation with species
occurrence is in many cases clearly linked to regional
climate. However, few studies show direct connections
between species distributions and geographic variation
in mortality as opposed to, say, recruitment success.
The effects of climate variation, such as drought, could
differ for a species that is absent from a region because
individuals cannot establish or established individuals
cannot survive. The unclear role of mortality in species
distributions (as opposed to recruitment) and how it is
affected by drought complicates predictions of future
forest responses to drought.

Unlike the Eastern United States, where large-scale
drought effects are less well documented than

the physiological responses of individual trees, the
Western United States has experienced a number of
catastrophic, widespread, stand-replacement events
that are directly or indirectly related to drought (Allen
and others 2010, Breshears and others 2005, Ganey
and Vojta 2011, Gitlin and others 2006, Mueller

and others 2005, van Mantgem and others 2009,
Worrall and others 2013) (see Forest Droughts have
Increased in Recent Decades text box on page

60). Since 1996, about 20 percent of southwestern
forest area has been affected by high levels of tree
mortality from combinations of drought stress, bark-
beetle attacks, and fire (Williams and others 2010).
In Arizona and New Mexico, high temperatures
combined with droughts coincide with widespread
mortality of diverse mesic montane tree species
(Ganey and Vojta 2011, Gitlin and others 2006, Mueller
and others 2005) and patchy die-off in two-needle
pinyon (Breshears and others 2005, 2009). Other
prominent examples of large die-offs include spruce
in Alaska (Berg and others 2006) and Utah (DeRose
and Long 2012); juniper, oaks, and pines in Texas in
2011 (Kukowski and others 2012, Twidwell and others
2014); whitebark pine (Pinus albicaulis) in the Sierra
Nevada Mountains (Millar and others 2012); southern
California conifers (Minnich 2007); and millions of
hectares of lodgepole pine from Colorado (Creeden
and others 2014) and Montana (Kaiser and others
2012) to British Columbia (Kurz and others 2008).
An increase in drought-related quaking aspen
mortality, sometimes termed sudden aspen decling,
extends from Alberta to Colorado (Anderegg and
others 2012, 2013a; Hogg and others 2008; Worrall
and others 2013).
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The combination of low species diversity, low forest
cover in some extensive forest types (for example,
ponderosa pine and pinyon-juniper woodlands), low
moisture availability on average, and frequent fire in the
West shifts attention from the complexities of climate-
competition interactions to the more immediate threats
of stand-level replacement at regional scales. These
transformations involve many of the dominant species.
In addition, large diebacks have the potential to change
species distributions more rapidly than has occurred

in the past (Fellows and Goulden 2012, Millar and
others 2012, Swetnam and Betancourt 1998). Drought-
induced mortality in the 1950s is probably responsible
for extensive upslope retreat of ponderosa pine in New
Mexico (Allen and Breshears 1998) and alligator juniper
(Juniperus deppeana) in southeast Arizona (Brusca
and others 2013). Rapid redistribution of coniferous
and broadleaf species occurred in southern California
mountains during droughts of the early 2000s (Fellows
and Goulden 2012).

Experimental evidence suggests that high temperatures
can sometime increase drought-induced mortality in
pinyon (Adams and others 2009). In many cases, high
temperatures are thought to have a relatively minor
direct effect on tree growth in western forests (although
high surface temperatures can be lethal for seedlings)
(Chmura and others 2011, Kolb and Robberecht

1996). Instead, warming is generally considered

more important for phenology (Cayan and others

2001), seasonal soil-water balance due to changes in
snowpack dynamics or evapotranspiration (Williams
and others 2013), and insect populations (Bentz and
others 2010). Changes in actual evapotranspiration and
water deficit appear to be primary drivers of historical
variations in tree recruitment and background as well as
episodic tree mortality (Rapacciuolo and others 2014). A
combination of high temperatures and low winter-spring
precipitation of the previous year can explain much of
the variation in conifer growth rates in the Southwest
[primarily two-needle pinyon (Pinus edulis), ponderosa
pine, and Douglas-fir (Pseudotsuga menziesii] (fig.
4.10) and northern California [white fir (Abies concolor),
red fir (Abies magnifica), sugar pine (Pinus lambertiana),
ponderosa pine, and Douglas-fir] (Yeh and Wensel
2000). Similar relationships between moisture, heat,
and growth variation are observed for white spruce in
interior Alaska (Barber and others 2000), for Douglas-
fir in the central and southwest Rocky Mountains and
Mexico (Chen and others 2010), and for quaking aspen
in western Canada (Hogg and others 2005).

Models are an important part of the research on climate
effects. They continue to improve, but all are subject to
important limitations. First is the uncertainty in climate
itself. Two recent versions of three General Circulation
Models (GCMs) project 2100 climates that differ by up
to 4 °C for mean annual temperature and 60 percent

for precipitation over North America (McKenney and
others 2011). Additional uncertainty comes from the
heterogeneity not captured in GCM output, from
redistribution of precipitation within local drainages (wet
and dry sites occupy the same grid cell for regional
climate prediction), and from variation in temperature
with local topography and vegetation cover. Second,
many, if not most, models of forest response to climate
change rely on parameters fitted independently to
recruitment, growth, and mortality, and primarily

from observations on individual trees. This narrow
derivation may not adequately capture larger scale biotic
interactions critical to understanding and predicting
drought-related biogeographic shifts. Third, regional
models of climate effects on forests are of several
types and thus subject to critical limitations of scale,
applicability, and compatibility. Some models represent
individual trees, while others aggregate to species, life
form, functional type, life stage, or patch structure.
Some are static calibration-prediction models (species
distribution models), while others are dynamic and vary
in resolution from small plots (Shuman and others 2011)
to patchy landscapes (Medvigy and Moorcroft 2012) and
lattice grids (Franklin and others 2013), and yet others
focus on abundance in nonspatial settings (Guisan and
Thuiller 2005, Scheller and Mladenoff 2007).

Even with these limitations, models have significantly
contributed to our understanding of the large-scale
impacts of increasing drought on U.S. forests. Species
distribution models (SDMs) have been used to map
potential future species habitats under predicted
climate scenarios (Franklin 2010, Guisan and Thuiller
2005, Matthews and others 2011, Prasad and others
2013, Rehfeldt and others 2006). To accomplish this,
species distributions are first calibrated to climate,

and then the fitted models are combined with climate
predictions to identify regions of future suitable climate.
Whether or not populations can move to regions of
future suitable climate depends on migration. Potential
distributions predicted from SDMs can be bracketed
by two extremes: (1) no migration (species lose but do
not gain habitat) and (2) unlimited migration (species
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Figure 4.11—New recruits to FIA plots are relatively rare for oaks (upper panels) in comparison
to other species having similar abundances in adult size classes (below). This comes at a time
when moisture deficits are becoming more severe throughout the East (fig. 4.7) and despite the
fact that many models predict increasing oaks. Red circles are in proportion to density of new
recruits per ha. Gray shading shows the same for large size classes. Quantiles are shown for 98
percent of observations at sites where adults occur (Clark and others, In press).
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occupy all suitable habitat) (lverson and others 2008c,
Meier and others 2012, Thuiller and others 2005). Some
SDMs incorporate simple population dynamics (Cabral
and Schurr 2010, Dullinger and others 2012, lverson and
others 2004, Meier and others 2012, Pagel and Schurr
2012, Prasad and others 2013, Saltre and others 2013).
SDMs that assume climate effects on establishment
and mortality (Crookston and others 2010, Sork and
others 2010) have been used to interpret potential

risks for eastern (lverson and others 2008b, Potter and
others 2010) and western forest species (Dobrowski
and others 2011, Notaro and others 2012, Rehfeldt and
others 2009). Current efforts seek to include a better
understanding of species interactions (Fitzpatrick and
Hargrove 2009, Ibanez and others 2006, Wiens and
others 2009) and ways to incorporate multiple species
into models (Baselga and Araujo 2010, Clark and others
2014b, Guisan and Rahbek 2011).

SDMs have provided some of the strongest evidence
that potential distributions of tree species are changing
(McKenney and others 2007, 2011). In the Eastern
United States, with its typically low relief, modest
changes in climate can translate to large geographic
shifts in suitable habitat (IPCC 2014, Loarie and others
2009, Zhu and others 2012), in agreement with models
suggesting large reductions in potential range in the
East (Potter and others 2010, Potter and Hargrove
2013). By 2100, mean latitudes are predicted to move
northeastward from 400 km (kilometers) for a less
CO,-sensitive model (PCM) with high energy-resource
efficiency (B1) to 800 km for a more sensitive model
(HadleyCM3) with a “business as usual” scenario
(ATF1) (Iverson and others 2008b). For the latter case,
habitats for 66 species gain and 54 species lose about
10 percent of their current distributions. Species in Lake
States and central hardwoods are predicted to be most
vulnerable in the northern parts of their ranges (Brandt
and others 2014, Handler and others 2014, Swanston
and others 2011). Other drought-related predictions

for the end of the 21st century include savanna-like
conditions and loss of boreal forests from the Great
Lakes region (Bachelet and others 2008).

Two other types of models have also contributed
significantly to our understanding of drought impacts.

In the nonspatial Dynamic Global Vegetation Models
(DGVMs) (e.g., Daly and others 2000, Jiang and others
2013, Sitch and others 2003), species are aggregated as
functional types, such as coniferous forests, deciduous
forests, mixed forests, savannas and woodlands, or
grasslands and shrublands (Bachelet and others 2003).

Some DGVMs also incorporate fire, atmospheric CO,
(King and others 2013, Lenihan and others 2008),
establishment mechanisms (Song and Zeng 2014), and
patch age structure (Medvigy and Moorcroft 2012).
Forest landscape models (FLMs) simulate forest
demography on landscapes that may include drought,
fire, land use, and pathogens. FLMs have been used
to examine the stand-level consequences of species
differences in vulnerability of individuals, with some
FLM-based studies explicitly focusing on climate change
impacts (Loehman and others 2011, Scheller and
Mladenoff 2008), including migration (Gustafson and
Sturtevant 2013, Lischke and others 2006, Nabel and
others 2013, Scheller and Mladenoff 2008, Snell 2014).

Implications for Forest
Management Practices

Timber harvest and land use are at least as influential
in shaping forests as natural disturbances, particularly
in the Southeastern and Northwestern United

States (Masek and others 2011). As stated earlier,
management practices modify the SSD and related
forest elements (see Moisture and Size-Species
Distributions text box on pages 67 and 68), which in
turn influence a broad range of ecosystem services.
Drought, especially prolonged and/or severe drought,
similarly directly and indirectly impacts most of the
ecosystem services provided by forests, including
timber yield (Woodall and others 2013b), carbon
storage (chapter 5), recreational value (Sheppard and
Picard 2006), wildlife habitat (Banko and others 2013),
and water yield and quality (Brown and others 2008)
(chapter 10). Forestry practices that target one or more
of these ecosystem services should be capable of
addressing droughts, particularly in areas expected to
receive more frequent and longer term drought events.
To this end, we consider changes that may occur
within stands as a function of drought as influenced by
management practices and their potential biogeographic
consequences.

Management actions can mitigate or exacerbate
effects of drought, and effects can differ at both the
tree and stand level. Most thinning treatments are
designed to increase individual tree growth; increase
stand resiliency to droughts, insects, and disease;
and reduce standing fuels. For example, in dense red
pine (Pinus resinosa) stands undergoing substantial
self-thinning (fig. 4.12), some trees are under severe
moisture limitation due to the combined effects of
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competition and drought (D’Amato and others 2013).
Thinning overstocked stands can provide short-term
benefits through a variety of mechanisms. Harvesting
stands to limit crown competition (Gyenge and others
2011, McDowell and others 2006) also reduces canopy
interception of precipitation, thus increasing moisture
that reaches the forest floor (Aussenac 2000, Stogsdili
and others 1992). Likewise, trees in thinned stands
usually expand their root systems to take advantage of
improved soil moisture availability (Dawson 1996). Slow
growth in older, denser (and often water-limited) stands
has long been associated with beetle outbreaks (Fettig
and others 2007, Hicks and others 1979); slow-growing,
stressed host trees have diminished defenses to insect
pests (Fettig and others 2007, Shaw and others 2005).

However, silvicultural practices intended to reduce
vulnerability of remaining trees to drought can increase
future (long-term) vulnerability through alterations

to tree architecture and physiology. For instance,

increased leaf-to-sapwood area ratios following
thinning can increase individual tree water demand
(Kolb and others 2007, McDowell and others 2006).
Therefore, even if stand-level water use declines
following thinning, the high leaf-to-sapwood ratio
promoted by reduced post-treatment competition may
be disadvantageous during future drought. For this
same reason, even though thinning beetle-affected
stands usually increases residual tree growth (Fettig
and others 2007, Kolb and others 1996, Skov and
others 2004, Thomas and Waring 2014, Zausen and
others 2005) and vigor over the short-term, it may
also increase vulnerability to post-thinning droughts.
Thinning also indirectly increases stand vulnerability

to drought. Stands thinned and/or burned to promote
regeneration (Covington and others 1997, Moore and
others 1999) may increase vulnerability to drought due
to increased evaporative losses (Aussenac 2000) and
increased understory competition for soil moisture
(Nilsen and others 2001, Zahner 1958).

Basal area (m?/ha)

1.000

1,500

Law vulnarability

High wulnerability
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Figure 4.12—Hypothetical zones of drought susceptibility within a size/density management
diagram for red pine. Trees may be susceptible to drought in two size/density situations: (1) at
high density of large trees, with intense competition, and (2) at low density and high leaf-area
to sapwood-area ratios, which promote canopy and root architecture that can put individual

trees at risk.
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Managers may want to adjust their silvicultural
practices in stands expected to face increasing drought
frequencies and durations. For example, thinning to
manage for SSDs targeted to control those structural
attributes sensitive to drought can improve stand
resistance and resilience (Guldin 2014). Managers often
take steps to maximize belowground development prior
to and immediately after planting (Burdett 1990), or to
shelter future crop trees during this vulnerable phase
(Aussenac 2000). Recently planted seedlings with
limited root development are particularly vulnerable

to desiccation. Though more expensive, the better-
developed and protected root systems of containerized
nursery stock tend to survive and grow better than
bare-root seedlings on xeric sites (Grossnickle 2005,
Nilsson and Orlander 1995), and hence may be needed
when drought is expected during planting. If bare-root
seedlings are to be used, those with large root systems
(shoot-to-root ratios below 2:1) are preferred (Haase and
Rose 1993, Pinto and others 2012). Tree shelters can
also enhance seedling survival on moisture-limited sites
(Taylor and others 2009).

Maintenance of two- or uneven-aged stands may
reduce stand-wide vulnerability to drought by spreading
the risk across ages/sizes of different vulnerabilities.
Uneven-aged management can reduce the microclimate
extremes that limit regeneration following clearcuts
(Aussenac 2000). Where management objectives
require even-aged stands, shelterwoods can provide
partial shading for regeneration (Castro and others
2004). However, there are drought-related complications
associated with managing for multi-storied stands.
Competition for moisture may be important enough to
warrant understory control only during drought years
(Carter and others 1984). In eastern forests, even-aged
pine stands with a hardwood understory can experience
greater soil moisture depletion than stands where the
understory is reduced through prescribed burns or by
other means (Zahner 1968).

Species composition is another silviculturally controllable
aspect of U.S. forests. Some have called for the long-
term strategy of managing for a diversity of genotypes
and species to reduce stand-level vulnerability to
drought, particularly in light of the uncertainty in future
climate (Guldin 2014, Ledig and Kitzmiller 1992). There
are also short-term options, such as the alteration of
species composition through the selective removal

of moisture-demanding species. The loss of less
drought-tolerant species can release established

but suppressed individuals of more drought-tolerant
species, as is currently being witnessed in the drought-
induced dieback of the pinyon-juniper ecosystem of
the Western United States (Floyd and others 2009).
Managers can also encourage the natural regeneration
of more drought-tolerant trees by exploiting their
propensity to resprout, a characteristic of some species
with extensive root systems [for example, post oak
(Quercus stellata), Gambel oak (Quercus gambelii),

or alligator juniper] (Larsen and Johnson 1998, Savage
and others 2013). Indeed, such targeted treatments to
favor sprouters can be most effective during droughts,
as their extensive established root systems give them
an advantage to those species that can only establish
via seed. However, note that not all sprouters can

take advantage of droughts. Quaking aspen, a prolific
sprouter under favorable moisture conditions, is
susceptible to drought and declines can be magnified
by other factors such as ungulate browsing (Bartos and
others 2014, Rogers and Mittanck 2014, Rogers and
others 2014).

It is worth noting that species management through
regeneration may prove more costly as droughts
become more frequent (Nyland 2007). Despite some
advantages of natural regeneration (including lower
costs), drought may increase reliance on artificial
regeneration (in other words, plantings) and/or seed-
bed amelioration (e.g., seedling shelters). Artificial
regeneration may become especially important for
conifers that fail to regenerate or are out-competed

by sprouting species (Feddema and others 2013,

Haire and McGarigal 2008, Zhang and others 2008).
Knowledge of how different species and genotypes
respond on different sites (Blazier and others 2004,
Erickson and others 2012, Will and others 2010) should
guide decisions regarding how to manage forests

for drought resistance. Regardless of stand origin,
successful regeneration during drought depends on
microsite conditions, including competition from less
desirable species, so more intervention may be needed
to help ensure the desired silvicultural outcomes.

For example, competition control may become vital
during prolonged droughts, particularly on sites with
pronounced moisture limitations due to xeric conditions
(Pinto and others 2012, Powers and Reynolds 1999,
Wagner and Robinson 2006) or aggressive competitors.
Additional steps, such as exposing mineral soil (Wagner
and Colombo 2001) or mulching to increase moisture
availability using harvest residues (Roberts and others
2005, Trottier-Picard and others 2014), may become
increasingly important on some sites. These treatments
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can add to the expense of silvicultural practices and
could negatively impact other ecosystem services.

In the Western United States, fire and harvest practices
have contributed to increased fuel loads and a shift to
high-density/small-diameter stands (e.g., Brown and
Wu 2005, Covington and Moore 1994, Dolanc and
others 2013, Fulé and others 2009, Lutz and others
2009, Mast and Wolf 2006, Parsons and DeBenedetti
1979). Prescribed fire can be used to manage complex
stand structures following initial mechanical restoration
treatments (Covington and others 2007, Roccaforte
and others 2010), although extended droughts have
reduced opportunities to conduct prescribed burns.
Tree regeneration in western pine forests is resilient to
surface fire in sustainable uneven-aged stands (Bailey
and Covington 2002) except where regeneration is
sufficiently dense to increase crown fire risk (Bailey and
Covington 2002, Roccaforte and others 2010).

There are regional differences in the role of interactions
between drought, fire, climate change, and human
suppression of fire (Allen 2007, Joyce and others 2014,
Littell and others 2009, Westerling and others 2006). In
the Eastern United States, fire suppression may have
led to “mesophication” as forest canopies closed, fuel
conditions changed, and sites became increasingly
more mesic (Nowacki and Abrams 2008). In recent
decades, this combination of climate, land use, plant-
animal interactions, and fire suppression may have
contributed to recent increases in red maple (Acer
rubrum) and sugar maple (Acer saccharum) recruitment
at the expense of oak (Abrams 1998, Brose and others
2013, Fei and others 2011, Hutchinson and others
2008, Iverson and others 2008a). Similarly, decreased
flammability may have followed the replacement of
American chestnut (Castanea dentata) by maples in
many eastern stands (Engber and Varner 2012, Kreye
and others 2013), although historic alterations to fire
regimes and fuel loads make it difficult to characterize
presettlement fire regimes (Clark and Royall 1996,
Guyette and others 2006, Parshall and Foster 2003).
Some have speculated that elevated maple recruitment
in the East could be reversed by increasingly dry
conditions (Belden and Pallardy 2009, McEwan and
others 2011, Woodall and others 2009); however, if fire
suppression is primarily responsible for reduced oak
regeneration in the East, then climatic trends favoring
oak, including warmer temperatures and less rainfall,
could be offset by mesophication.

SDMs suggest that shifts in potential distributions
may occur faster than many tree populations can
accommodate through migration. While there is
substantial evidence that more mobile terrestrial and
aquatic invertebrates, birds, and herbaceous plants are
changing their distributions sufficiently to keep pace
with rapid warming (Chen and others 2011, Parmesan
and Yohe 2003), many tree populations are moving
northward (Zhu and others 2012) and upward (Gehrig-
Fasel and others 2007) much slower than changes

in climate. Fearful of local extinctions, some have
proposed that managers engage in “assisted migration”
or “managed relocation” to establish species outside
their historic distributions as a biological diversity
conservation measure (Schwartz and others 2012).
Assisted migration is a deliberate effort to establish
populations in areas that are expected to have a
suitable climate in the future, including populations
sensitive to drought, to at least partially offset losses
on sites no longer suitable. However, the effectiveness
of widespread assisted migration is not yet known
(Williams and Dumroese 2013), and some have
expressed concerns about the risk of introducing
invasive species (Mueller and Hellman 2008).

Centuries of horticultural and decades of silvicultural
practices show that growth and establishment
(reproductive success) of many tree species is possible
well outside of their native ranges. Many commercial
(e.g., loblolly pine) and ornamental species have had
their ranges greatly expanded across the Southeastern
United States. The widespread plantings of the
southern magnolia in the southeastern Piedmont (Gruhn
and White 2011) and upper Coastal Plain, and bois

d'arc (Maclura pomifera) across the Eastern United
States (Burton 1990) are examples of such facilitated
migrations, helping to establish these species well
beyond their native ranges. While these cultivated
successes could be viewed as examples of the
potential conservation value of assisted migration, far
less is known about the likelihood of success of this
management practice for the species most directly
threatened by climate-induced environmental change.
Efforts are currently underway to see if assisted
migration can help with the federally endangered Florida
torreya (Torreya taxifolia) as well as a number of other
tree species imperiled by the anticipated impacts of
increased drought and higher temperatures on their
limited native distributions (McLachlan and others 2007,
Williams and Dumroese 2013).
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Research to Better
Anticipate Drought
Effects on U.S. Forests

Anticipated impacts of increasing drought, possibly
leading to more xeric conditions in general, currently
depend on a legacy of observational evidence along
natural climate and hydrologic gradients. The value
of such relationships is widely recognized and they
provide the foundations for species distribution
modeling and paleoclimate reconstructions (e.g.,
tree-ring studies). Despite many important insights
from observational evidence, their lack of experimental
control and uncertainties in future climate change
poses new challenges and suggests some possible
research directions.

Perhaps the greatest obstacle to understanding

impacts of future drought on U.S. forests is the limited
understanding of drought consequences at stand-to-
landscape scales. We need more research to better
understand the connections from individual tree to
stand, based on both empirical (observational) and
theoretical (modeling) evidence. For example, how does
decline in individual tree health translate to population
structure and abundance of a species, when individuals
of all species are responding to climate, often in similar
ways (Clark and others 2011)? The climate changes

that place individuals at risk can have unpredictable
effects on the stand, so empirical evidence is needed
to evaluate both the individual responses and how they
propagate to stand dynamics. At the individual scale,
long-term data with regional coverage are needed to
infer demographic processes under a range of climates
and to detect early signs of change (Breshears and
others 2009). While there exists a wealth of information
on seed dispersal of common tree species in North
America (e.g., Brown and others 1988, Chambers and
MacMahon 1994, Farmer 1997, Matlack 1987) and
Europe (e.g., Jensen 1985, Matlack 1987, Stocklin

and Baumler 1996), many species are poorly studied,
especially those with limited commercial value. The
studies that are available on more abundant species
show large variation in fecundity (Clark and others 2004,
Koenig and Knops 2013) and recruitment (Ibanez and
others 2007)—what can be expected from rare taxa?
Furthermore, even detailed knowledge of dispersal is
not necessarily predictive of migration rates because of
the influence of rare, long-distance dispersal events on
population spread (Clark and others 2003, Higgins and
Richardson 1999, Kot and others 1996, Schwartz 1993).
However, predicting changes in stands also requires

stand-level inference. The observable physiological
responses to temperature and moisture stress must

be linked to demographic potential of individuals and

to stand attributes, such as SSDs and abundance.
Additional insight might be gained from more research
on natural gradients in regions expected to differ in
sensitivity to moisture and temperature, particularly that
emphasizing the connections from individuals to stands
and landscapes.

Interpretation of Holocene tree migration will remain
the subject of considerable research—insights gained
from this work may allow researchers to determine
how paleo droughts may have influenced forest
patterns. Understanding biogeographic patterns would
likewise benefit from a better understanding of how
current biogeography emerges from the responses of
individual trees to climate (Murphy and others 2006,
Rehfeldt and others 2006). Habitat interactions make

it important to consider entire landscapes (e.g., Guisan
and Zimmermann 2000), and recognizing past and
present range limits is key to determine migration
potential (Gaston 2009). For example, the range limits
mapped for many North American vascular plants by
Little (1971, 1976, 1977) can be updated with FIA data
(and combined, perhaps, with habitat and/or climate
envelope models) to better identify current distributions,
recent trends, and limitations in knowledge (Murphy
and others 2006, Peters and others 2013, Purves 2009,
Rehfeldt and others 2006, Woodall and others 2013a).
Understanding whether or not species can expand or
retreat from population frontiers requires experimental
evidence, with sufficient replication and control to
evaluate competition-climate interactions. Currently,
only a few experimental studies have addressed
controls on recruitment near population frontiers (lbanez
and McCarthy-Neumann 2014, McCarthy-Neumann
and Ibanez 2012); this work suggests the value of more
extensive networks of such experiments.

In addition to a better understanding of tree range
dynamics, more research on genetic variation of planting
stock and the facilitation of regeneration in the context
of drought is critical. As suggested earlier, some
managers are moving ahead with assisted migration
even though success is far from assured, and science
has not comprehensively studied the ecological and
socioeconomic implications of this practice. For example,
the scarcity of information on tree regeneration in rare
species constrains our ability to determine if assisted
migration will prove to be a cost-effective option for
biological conservation (Williams and Dumroese 2013).
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Undoubtedly, we will benefit from developing a better
understanding of the factors that control establishment
of seeds that are moved to new locations (Bugmann
2001, Lischke and others 2006). Further research is also
needed on the effectiveness of conventional silvicultural
treatments in established stands to determine both

the short- and long-term consequences of increasing
droughts, particularly if they become more severe

(drier and longer) than recent history suggests. To date,
very little proactive silviculture has been implemented
across the United States with regards to the worsening
droughts and higher temperatures anticipated under
most climate change scenarios—the socioeconomic
implications of drought-related catastrophic failures in
the heretofore more-mesic “woodbaskets” of the United
States have not been fully considered.

These challenges (and many others) highlight the
need for models that accommodate environmental
change and forest response as a coherent joint
distribution of species and sizes which respond to
drought with feedbacks and interactions. The decade-
old “scaling problem” (Levin 1992, Luo and others
2011) persists despite proliferation of bigger models,
faster processing, and increased computer memory.
Complex models can provide only limited guidance
without the empirical basis for translating fine-scale
to aggregate behavior, in the form of allocation
constraints, species interactions, and feedbacks.
These constraints are needed in models when they are
fitted to field and experimental data. Not surprisingly,
models combining these estimates predict migration
rates that are highly uncertain due to large variability
in these processes (Clark and others 2003), and

land cover provides additional variability (Ilverson

and others 2004, Prasad and others 2013). Limited
evidence of migration during the 21st century, a time
when scientists have verified that climate change has
been substantial in the Northern United States (Zhu
and others 2012), diverges from predictions of rapid
spread—and we need to understand why.

Dynamic stand models have become increasingly
sophisticated, but they still lack a connection to stand-
level data under different climate settings. Stand
simulators, including forest gap (Botkin and others

1972, Bugmann 2001, Dixon 2002, Pacala and others
1996) and succession models (Mladenoff and others
1996, Scheller and Mladenoff 2008), recognize the
importance of interactions among individuals. Efforts to
connect physiology to stand dynamics in more general
ways have increased in recent years (Keenan and others

2008, Ogle and Pacala 2009, Scherstjanoi and others
2014) but are still insufficient in many regards. For
example, numerous models have examined the effects
of disturbance (Caldwell and others 2013, Menard
and others 2002, Papaik and Canham 2006, Reinhardt
and Holsinger 2010, Saunders and Arseneault 2013,
Uriarte and others 2009) and several have included
drought (Gustafson and Shinneman 2015, Gustafson
and Sturtevant 2013). However, unlike some types of
disturbance that can be treated as an extrinsic force,
drought involves a feedback with water use by the
stand and thus is more difficult to model (Miller and
others 2008, Morales and others 2005).

Indeed, all calibration-prediction and simulation
approaches are challenged by the fact that parameters
relating drought to recruitment, growth, and survival
typically come from separate studies of individual
trees across a range of spatial and temporal scales.
Concerns include the need for better estimates of
climate-mediated mortality (McDowell and others
2011) and recruitment (lbanez and others 2006). The
interactions that affect the combined responses of
individuals (fig. 4.4) and size-species structure of stands
(see Moisture and Size-Species Distributions text box
on pages 67 and 68) could benefit from estimates of
the SSD as a joint distribution. Furthermore, to better
model migration, we must enhance our understanding
of how drought affects seed production, seed banks,
and seedling establishment near range limits, and

in particular, their role in local extinctions and re-
colonization (Jackson and others 2009, Zimmermann
and others 2009).

Conclusions

The widespread nature of recent droughts and their
impacts on U.S. forests suggest transformations that
will have far-reaching consequences. In addition to
the declining growth rates with increasing drought
conditions that may be expected during the 21st
century, the extent and severity of drought impacts
on western forests raises concern for biodiversity and
carbon storage if these trends continue. Some of this
change will occur following alterations to disturbance
regimes. For instance, recent drought-related increases
of high-severity fire in stands that historically were
subject to high-frequency but low-severity fires may
contribute to the loss of forests (Barton 2002, Goforth
and Minnich 2008, Savage and Mast 2005, Savage
and others 2013). A similar forest loss has also been
suggested as a possible consequence of climate
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change in the historically infrequent but high-severity
fires for lodgepole pine forests in the Yellowstone
region (Westerling and others 2011). In addition to direct
losses to drought, increasing frequency or severity of
related disturbances may increase prevalence of early
successional species (e.g., bark-beetle infestations or
wildfire), possibly leading to widespread forest-type
conversions (Pelz and Smith 2013, Shinneman and
others 2013).

Observational studies remain the largest source of
information on drought effects, but they are difficult to
extrapolate. Experimental studies are still few, small,
and relatively short term. Taken together, the evidence
for drought effects on forest structure and composition
remains mostly indirect. Because individual trees can
be studied experimentally more readily than forest
stands, there is more evidence of drought effects

on trees than on stand-level attributes, such as SSD.
Indeed, in the Eastern United States, drought effects
are still primarily observed as individual tree responses.
At this scale, much is known about the differences
among species that make some especially vulnerable
to increased drought and other taxa less so. However, it
is not clear how these species differences translate to
future stand structure and composition. This is because
observations are limited of stand-level responses that
evaluate how changes in climate relate to changing
effects of competitors, mutualists, and natural enemies,
which are also responding to climate change. In the
West, stand-level forest transformations are currently in
progress, thus highlighting interactions among warming
temperatures, drought, insect attacks, and fire. Recent
western droughts show some of the drastic impacts
that can occur when drought overwhelms other factors
that contribute to the structure and diversity of more
mesic forests.

There is broad consensus from modeling studies,
increasingly supported by observations, that
combinations of heat and moisture limitation, and
their corresponding indirect effects, will change

the health, dynamics, abundance, and distribution

of tree species—changes that may accelerate in
coming decades. This provides a sense of urgency for
many forest managers who would like to proactively
treat their forests. After all, management decisions
regarding the size, age, and compositional conditions
of any given stand have important implications for the
degree of functional resistance and resilience to future
drought (e.g., Guldin 2014). Although drought-based
advice is context-dependent, in general management

strategies expecting increasing drought should benefit
from developing more resilient forests by promoting
tree (genotypic) diversity (especially drought-tolerant
species or families) in lower density stands. Assisted
migration, or drawing on species or genotypes outside
their current geographic ranges, remains an option

but needs to be better understood before it is widely
implemented.

Research should be prioritized to include more
attention on effects of drought beyond the individual;
for example, it should focus on the combined
size-species interactions that control diversity and
productivity of stands. It remains difficult to quantify
controls on range limits of species. Opportunistic or
designed experiments are needed to better understand
geographic variation in the effects of drought. Models
will continue to play an important role, one that
depends on improved understanding of stand-level
responses and the acquisition of suitable, long-term
data for detection, parameterization, calibration, and
validation.

Literature Cited

Abeli, T.; Gentili, R.; Mondoni, A. [and others]. 2014. Effects
of marginality on plant population performance. Journal of
Biogeography. 41: 239-249.

Abrams, M.D. 2003. Where has all the white oak gone? Bioscience.
53:927-939.

Abrams, M.D. 1990. Adaptations and responses to drought in
Quercus species of North America. Tree Physiology. 7: 227-238.

Abrams, M.D. 1998. The red maple (Acer rubrum) paradox.
BioScience. 48: 355-364.

Abrams, M.D.; Kubiske, M.E. 1990. Leaf structural characteristics
of 31 hardwood and conifer tree species in central Wisconsin:
influence of light regime and shade tolerance rank. Forest Ecology
and Management. 31: 245-253.

Ackerly, D.D.; Loarie, S.R.; Cornwell, W.K. [and others]. 2010.
The geography of climate change: implications for conservation
biogeography. Diversity and Distributions. 16: 476-487.

Adams, H.D.; Guardiola-Claramonte, M.; Barron-Gafford, G.A.
[and others]. 2009. Temperature sensitivity of drought-induced
tree mortality portends increased regional die-off under global-
change-type drought. Proceedings of the National Academy of
Sciences. 106: 7063-7066.

Allen, C.D. 2007. Interactions across spatial scales among forest
dieback, fire, and erosion in northern New Mexico landscapes.
Ecosystems. 10: 797-808.

Allen, C.D.; Breshears, D.D. 1998. Drought-induced shift of a forest-
woodland ecotone: rapid landscape response to climate variation.
Proceedings of the National Academy of Sciences, U.S.A. 95:
14,839-14,842.

Allen, C.D.; Breshears, D.D.; McDowell, N.G. 2015. On
underestimation of global vulnerability to tree mortality and forest
die-off from hotter drought in the Anthropocene. Ecosphere. 6(8):
article 129.



CHAPTER 4

Allen, C.D.; Macalady, A.K.; Chenchouni, H. [and others]. 2010. A
global overview of drought and heat-induced tree mortality reveals
emerging climate change risks for forests. Forest Ecology and
Management. 259: 660-684.

Anderegg, W.R.L.; Beryy, J.A.; Smith, D.D. [and others]. 2012.
The roles of hydraulic and carbon stress in a widespread climate-
induced forest die-off. Proceedings of the National Academy of
Sciences. 109: 233-237.

Anderegg, W.R.L.; Plavcova, L.; Anderegg, L.D.L. [and others].
2013a. Drought'’s legacy: multi-year hydraulic deterioration
underlies widespread aspen forest die-off and portends increased
future risk. Global Change Biology. 19: 1188-1196.

Anderegg, W.R.L.; Kane, J.M.; Anderegg, L.D.L. 2013b.
Consequences of widespread tree mortality triggered by drought
and temperature stress. Nature Climate Change. 3: 30-36.

Assmann, E. 1970. The principles of forest yield study. Oxford, UK:
Pergamon Press. 16 p.

Aussenac, G. 2000. Interactions between forest stands and
microclimate: ecophysiological aspects and consequences for
silviculture. Annals of Forest Science. 57: 287-301.

Bachelet, D.; Lenihan, J.M.; Drapek, R.J.; Neilson, R.M. 2008.
VEMAP vs VINCERA: a DGVM sensitivity to differences in climate
scenarios. Global and Planetary Change. 64: 38-48.

Bachelet, D.; Neilson, R.P.; Hickler, T. [and others]. 2003.
Simulating past and future dynamics of natural ecosystems in the
United States. Global Biogeochemical Cycles. 17(2): 14-1.

Bailey, J.D.; Covington, W.W. 2002. Evaluating ponderosa pine
regeneration rates following ecological restoration treatments in
northern Arizona, U.S.A. Forest Ecology and Management.
155:271-278.

Banko, P.C.; Camp, R.J.; Farmer, C. [and others]. 2013. Response
of palila and other subalpine Hawaiian forest bird species to
prolonged drought and habitat degradation by feral ungulates.
Biological Conservation. 157: 70-77.

Barber, V.A.; Juday, B.P.; Finney, B.P. [and others]. 2000.
Reduced growth of Alaskan white spruce in the twentieth century
from temperature-induced drought stress. Nature. 405: 668-673.

Barton, A.M. 2002. Intense wildfire in southeastern Arizona:
transformation of a Madrean pine-oak forest to oak woodland.
Forest Ecology and Management. 165: 205-212.

Bartos, D.L.; Tshireletso, K.; Malechek, J.C. 2014. Response of
aspen suckers to simulated browsing. Forest Science.
60(2): 402-408.

Baselga, A.; Araujo, M.B. 2010. Do community models fail to
project community variation effectively? Journal of Biogeography.
37(10): 1842-1850. doi: 10.1111/].1365-2699.2010.02341.
[Published online: June 21, 2010].

Beckage, B.; Osborne, B.; Pucko, C. [and others]. 2008. An
upward shift of a forest ecotone during 40 years of warming in the
Green Mountains of Vermont, U.S.A. Proceedings of the National
Academy of Sciences. 105(11): 4197-4202.

Belden, A.C.; Pallardy, S.G. 2009. Successional trends and apparent
Acer saccharum regeneration failure in an oak-hickory forest in
central Missouri, U.S.A. Plant Ecology. 204: 305-322.

Bell, D.M.; Bradford, J.B.; Lauenroth, W.K. 2014. Early indicators
of change: divergent climate envelopes between tree life stages
imply range shifts in the Western United States. Global Ecology
and Biogeography. 23: 168-180.

Benitez, S.B.; Hersh, M.; Vilgalys, R. [and others]. 2013. Pathogen
regulation of plant diversity via effective specialization. Trends in
Ecology and Evolution. 12: 705-711.

Bentz, B.J.; Régniére, J.; Fettig, C.J. [and others]. 2010. Climate
change and bark beetles of the Western United States and
Canada: direct and indirect effects. BioScience. 60: 602-613.

Berg, E.E.; Henry, J.D.; Fastie, C. [and others]. 2006. Spruce
beetle outbreaks in spruce forests on the western Kenai Peninsula,
Alaska, and Kluane National Park and Reserve, Yukon Territory:
relationships with summer temperature and regional differences
in disturbance regimes. Forest Ecology and Management. 227:
219-232.

Bhuta, A.A.R.; Kennedy, L.M.; Pederson. N. 2009. Climate-
radial growth relationships of northern latitudinal range margin
longleaf pine (Pinus palustris P. Mill) in the Atlantic Coastal Plain of
Southeastern Virginia. Tree Ring Research. 65: 105-115.

Blazier, M.A.; Hennessey, T.C.; Lynch, T.B. [and others]. 2004.
Productivity, crown architecture, and gas exchange of North
Carolina and Oklahoma/Arkansas loblolly pine families growing
on a droughty site in southeastern Oklahoma. Forest Ecology and
Management. 194: 83-94.

Botkin, D.B.; Janak, J.F.; Wallis, J.R. 1972. Some ecological
consequences of a computer model of forest growth. Journal of
Ecology. 60: 849-872.

Brandt, L.; He, H.; Iverson, L. [and others]. 2014. Central
Hardwoods ecosystem vulnerability assessment and synthesis:
a report from the Central Hardwoods Climate Change Response
Framework project. Gen. Tech. Rep. NRS-124. Newtown Square,
PA: U.S. Department of Agriculture, Forest Service, Northern
Research Station. 254 p.

Bréda, N.; Hugc, R.; Granier, A.; Dreyer, E. 2006. Temperate
forest trees and stands under severe drought: a review of
ecophysiological responses, adaption processes and long-term
consequences. Annals of Forest Science. 63: 625-644.

Brenes-Arguedas, T.; Coley, P.D.; Kursar, A. 2009. Pests vs.
drought as determinants of plant distribution along a tropical rainfall
gradient. Ecology. 90: 1751-1761.

Breshears, D.D.; Cobb, N.S.; Rich, P.M. [and others]. 2005.
Regional vegetation die-off in response to global-change-type
drought. Proceedings of the National Academy of Sciences, U.S.A.
102(42): 15,144-15,148.

Breshears, D.D.; Myers, O.B.; Meyer, C.W. [and others]. 2009.
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: 185-189.

Brose, P.H.; Dey, D.C.; Phillips, R.J.; Waldrop, T.A. 2013. A
meta-analysis of the fire-oak hypothesis: does prescribed burning
promote oak reproduction in Eastern North America? Forest
Science. 59: 322-334.

Brown, K.R.; Zobel, D.B.; Zasada, J.C. 1988. Seed dispersal,
seedling emergence, and early survival of Larix laricina (DuRoi)
K. Koch in the Tanana Valley, Alaska. Canadian Journal of Forest
Research. 18: 306-314.

Brown, P.M.; Wu, R. 2005. Climate and disturbance forcings of
episodic tree recruitment in a southwestern ponderosa pine
landscape. Ecology. 86: 3030-3038.

Brown, T.C.; Hobbins, M.T.; Ramirez, J.A. 2008. Spatial distribution
of water supply in the coterminous United States. Journal of the
American Water Resources Association. 44: 1474-1487.

Brubaker, L. 1980. Spatial patterns of tree growth anomalies in the
Pacific Northwest. Ecology. 61: 798-807.

Brusca, R.; Wiens, J.F.; Meyer, W.M. [and others]. 2013. Dramatic
response to climate change in the Southwest: Robert Whittaker's
1963 Arizona Mountain plant transect revisited. Ecology and
Evolution. 3(10): 3307-3319. doi: 10.1002/ece3.720. [Published
online: August 13, 2013].



CHAPTER 4

Brzostek, E.R.; Dragoni, D.; Schmid, H.P. [and others]. 2014.
Chronic water stress reduces tree growth and the carbon sink
of deciduous hardwood forests. Global Change Biology. 20(8):
2531-2539. doi: 10.1111/gch.12528. [Published online: February
21, 2014].

Bugmann, H. 2001. A review of forest gap models. Climatic Change.

51: 259-305.

Burdett, A.N. 1990. Physiological processes in plantation
establishment and the development of specifications for forest
planting stock. Canadian Journal of Forest Research. 20: 415-427.

Burton, J.D. 1990. Osage-orange. In: Burns, R.M.; Honkala, B.H.,
tech. coord. Silvics of North America: Volume 2, hardwoods.

Agric. Handb. 654. U.S. Department of Agriculture, Forest Service,

Washington Office: 426-432.

Cabral, J.S.; Schurr, F.M. 2010. Estimating demographic models
for the range dynamics of plant species. Global Ecology and
Biogeography. 19: 85-97.

Caldeira, M.C.; Ibanez, |.; Nogueira, C. [and others]. 2014. Direct
and indirect effects of tree canopy facilitation in the recruitment of
Mediterranean oaks. Journal of Applied Ecology. 51: 349-353.

Caldwell, M.K.; Hawbaker, T.J.; Briggs, J.S. [and others].
2013. Simulated impacts of mountain pine beetle and wildfire
disturbances on forest vegetation composition and carbon stocks
in the Southern Rocky Mountains. Biogeosciences.
10: 8203-8222.

Canham, C.D.; Thomas, R.Q. 2010. Frequency, not relative
abundance, of temperate tree species varies along climate
gradients in eastern North America. Ecology. 91: 3433-3440.

Carter, G.A.; Miller, J.H.; Davis, D.E. [and others]. 1984. Effective
of vegetative competition on the moisture and nutrient status of
loblolly pine. Canadian Journal of Forest Research. 14: 1-9.

Castro, J.; Zamora, R.; Hodar, J.A. [and others]. 2004. Seedling
establishment of a boreal tree species (Pinus sylvestris) at its
southernmost distribution limit: consequences of being in a
marginal Mediterranean habitat. Journal of Ecology. 92: 266-277.

Cavender-Bares, J.; Bazzaz, F.A. 2000. Changes in drought
response strategies with ontogeny in Quercus rubra: implications
for scaling from seedlings to mature trees. Oecologia. 124: 8-18.

Cavin, L.; Mountford, E.P.; Peterken, G.F.; Jump, A.S. 2013.
Extreme drought alters competitive dominance within and
between tree species in a mixed forest stand. Functional Ecology.
27:1424-1435.

Cayan, D.R.; Kammerdiener, S.A.; Dettinger, M.D. [and others].

2001. Changes in the onset of spring in the Western United States.

Bulletin-American Meteorological Society. 82: 399-416.

Cescatti, A.; Piutti, E. 1998. Silvicultural alternatives, competition
regime and sensitivity to climate in a European beech forest.
Forest Ecology and Management. 102: 213-223.

Chambers, J.C.; MacMahon, J.A. 1994. A day in the life of a
seed: movements and fates of seeds and their implications for
natural and managed systems. Annual Review of Ecology and
Systematics. 25: 263-292.

Chen, I.C.; Hill, J.K.; Ohlemdiller, R. [and others]. 2011. Rapid
range shifts of species associated with high levels of climate
warming. Science. 333: 1024-1026.

Chen, PY.; Welsh, C.; Hamann, A. 2010. Geographic variation in
growth response of Douglas-fir to interannual climate variability
and projected climate change. Global Change Biology.

16: 3374-3385.

Chmura, D.J.; Anderson, P.D.; Howe, G.T. [and others]. 2011.
Forest responses to climate change in the Northwestern United
States: ecophysiological foundations for adaptive management.
Forest Ecology and Management. 261: 1121-1142.

Clark, J.; Royall, P. 1996. Local and regional sediment charcoal
evidence for fire regimes in presettlement north-eastern North
America. Journal of Ecology. 84: 35-382.

Clark, J.S. 1989. Water balance and fire occurrence during the last
160 years in northwestern Minnesota. Journal of Ecology.
77:989-1004.

Clark, J.S. 1990. Integration of ecological levels: individual plant
growth, population mortality, and ecosystem dynamics. Journal of
Ecology. 78: 275-299.

Clark, J.S.; Beckage, B.; Camill, P. [and others]. 1999. Interpreting
recruitment limitation in forests. American Journal of Botany.
86: 1-16.

Clark, J.S.; Bell, D.M.; Hersh, M.H.; Nichols, L. 2011. Climate
change vulnerability of forest biodiversity: climate and resource
tracking of demographic rates. Global Change Biology. 17:
1834-1849.

Clark, J.S.; Bell, D.M.; Kwit, M. [and others]. 2013. Dynamic
inverse prediction and sensitivity analysis with high-dimensional
responses: application to climate-change vulnerability of
biodiversity. Journal of Biological, Environmental, and Agricultural
Statistics. 18: 376-404.

Clark, J.S.; Bell, D.M.; Kwit, C.; Zhu, K. 2014a. Competition-
interaction landscapes for the joint response of forests to climate
change. Global Change Biology. 20(6): 1979-1991. doi: 10.1111/
gcb.12425. [Published online: April 10, 2014].

Clark, J.S.; Gelfand, A.E.; Woodall, CW.; Zhu, K. 2014b. More
than the sum of the parts: forest climate response from joint
species distribution models. Ecological Applications. 24(5):
990-999.

Clark, J.S.; lverson, L.; Woodall, C.W. [and others]. [In press].
The impacts of increasing drought on forest dynamics, structure,
and biodiversity in the United States. Global Change Biology.

Clark, J.S.; LaDeau, S.; Ibanez, I. 2004. Fecundity of trees and the
colonization-competition hypothesis. Ecological Monographs.
74: 415-442.

Clark, J.S.; Lewis, M.; Horvath, L. 2001. Invasion by extremes:
variation in dispersal and reproduction retards population spread.
American Naturalist. 157: 537-554.

Clark, J.S.; Lewis, M.; McLachlan, J.S.; Hille Ris Lambers, J.
2003. Estimating population spread: what can we forecast and
how well? Ecology. 84: 1979-1988.

Clinton, B.D.; Boring, L.R.; Swank, W.T. 1993. Canopy gap
characteristics and drought influences in oak forests of the
Coweeta Basin. Ecology. 74: 1551-1558.

Comita, L.S.; Queenborough, S.A.; Murphy, S.J. [and others].
2014. Testing predictions of the Janzen-Connell hypothesis: a
meta-analysis of experimental evidence for distance- and density-
dependent seed and seedling survival. Journal of Ecology.

102: 845-856.

Compant, S.; Van Der Heijden, M.G.A.; Sessitsch, A. 2010.
Climate change effects on beneficial plant-microorganism
interactions: Climate change and beneficial plant-microorganism
interactions. FEMS Microbiology Ecology. 73(2): 197-214.

Connell, J.H. 1970. On the role of natural enemies in preventing
competitive exclusion in some marine animals and in rain forest
trees. In: den Boer, P.J.; Graadwell G.R., eds. Dynamics of
Populations: Proceedings of the Advanced Study Institute on
Dynamics of Numbers in Populations. Wageningen, Netherlands:
Centre for Agricultural Publishing and Documentation: 298-312.



CHAPTER 4

Cook, E.R.; Glitzenstein, J.S.; Krusic, P.J.; Harcombe, P.A. 2001.
Identifying functions groups of trees in west Gulf Coast forests
(U.S.A.): a tree-ring approach. Ecological Applications.

11: 883-903.

Cook, E.R.; Meko, D.M.; Stahle, D.W.; Cleaveland, M.K. 1999.
Drought reconstructions for the continental United States. Journal
of Climate. 12: 1145-1162.

Cook, E.R.; Nance, W.L.; Krusic, P.; Grissom, J. 1998. Modeling
the differential sensitivity of loblolly pine to climatic change
using tree rings. In: Mickler, R.A.; Fox, S., eds. The productivity
and sustainability of southern forest ecosystems in a changing
environment. New York: Springer-Verlag: 717-739.

Cook, E.; Seager, R.; Heim, R.J. [and others]. 2010. Megadroughts
in North America: placing IPCC projections of hydroclimatic
change in a long-term palaeoclimate context. Journal of
Quaternary Science. 25:48-61.

Cooper-Ellis, S.; Foster, D.R.; Carlton, G.; Lezberg, A.
1999. Forest response to catastrophic wind: results from an
experimental hurricane. Ecology. 80: 2683-2696.

Coops, N.C.; Waring, R.H. 2011. A process-based approach to
estimate lodgepole pine (Pinus contorta Dougl.) distribution in the
Pacific Northwest under climate change. Climatic Change.

105: 313-328.

Coops, N.C.; Waring, R.H.; Beier, C. [and others]. 2011. Modeling
the occurrence of 15 coniferous tree species throughout the
Pacific Northwest of North America using a hybrid approach of a
generic process based growth model and decision tree analysis.
Applied Vegetation Science. 14: 402-414.

Corcobado, T.; Cubera, E.; Juarez, G. [and others]. 2014.
Drought events determine performance of Quercus ilex seedlings
and increase their susceptibility to Phytophthora cinnamomi.
Agricultural and Forest Meteorology. 4: 192-193: 1-8.

Cornwell, W.K.; Stuart, S.A.; Ramirez, A. [and others]. 2012.
Climate change impacts on California vegetation: physiology, life
history, and ecosystem change. Publication number: CEC-500-
2012-023. Sacramento, CA: California Energy Commission. 79 p.

Covington, W.W.; Fulé, P.Z.; Moore, M.M. [and others]. 1997.
Restoring ecosystem health in ponderosa pine forests of the
Southwest. Journal of Forestry. 95: 23-29.

Covington, W.W.; Moore, M.M. 1994. Southwestern ponderosa
pine forest structure: changes since Euro-American settlement.
Journal of Forestry. 92: 39-47.

Creeden, E.P.; Hicke, J.A.; Buotte, P.C. 2014. Climate, weather,
and recent mountain pine beetle outbreaks in the Western United
States. Forest Ecology and Management. 312: 239-251.

Crookston, N.L.; Rehfeldt, G.E.; Dixon, G.E.; Weiskittel, A.R.
2010. Addressing climate change in the forest vegetation simulator
to assess impacts on landscape forest dynamics. Forest Ecology
and Management. 260: 1198-1211.

D’Amato, A.W.; Bradford, J.B.; Fraver, S.; Palik, B.J. 2013. Effects
of thinning on drought vulnerability and climate response in north
temperate forest ecosystems. Ecological Applications.
23:1735-1742.

Dai, A. 2012. Increasing drought under global warming in
observations and models. Nature Climate Change. 3(1): 52-58.

Daly, C.; Bachelet, D.; Lenihan, J.M. [and others]. 2000. Dynamic
simulation of tree-grass interactions for global change studies.
Ecological Applications. 10: 449-469.

Dawson, T.E. 1996. Determining water use by trees and forests
from isotopic, energy balance and transpiration analyses: the roles
of tree size and hydraulic lift. Tree Physiology. 16: 263-272.

DeRose, R.J.; Long, J.N. 2012. Drought-driven disturbance history
characterizes a southern Rocky Mountain subalpine forest.
Canadian Journal of Forest Research. 42(9): 1649-1660.

Desprez-Loustau, M.L.; Marcais, B.; Nageleisen, L.M. [and
others]. 2006. Interactive effects of drought and pathogens in
forest trees. Annals of Forest Science. 63: 597-612.

DeWeese, G.G.; Grissino-Mayer, H.D.; Lafon, C.W.; Aldrich,
S.R. 2010. Evaluating the dendroclimatological potential of
central Appalachian Table Mountain pine (Pinus pungens Lamb.).
Dendrochronologia. 28: 173-186.

Dietze, M.; Clark, J.S. 2008. Rethinking gap dynamics: the impact of
damaged trees and sprouts. Ecological Monographs. 78: 331-347.

Dietze, M.C.; Moorcroft, P.R. 2011. Tree mortality in the Eastern and
Central United States: patterns and drivers. Global Change Biology.
17: 3312-3326.

Dixon, G.E., comp. 2002. Essential FVS: a user’s guide to the Forest
Vegetation Simulator. Internal Rep. Revised: February 25, 2015.
Fort Collins, CO: U.S. Department of Agriculture, Forest Service,
Forest Management Service Center. 226 p.

Dobrowski, S.Z.; Thorne, J.H.; Greenberg, J.A. [and others].
2011. Modeling plant ranges over 75 years of climate change
in California, U.S.A: temporal transferability and species traits.
Ecological Monographs. 81: 241-257.

Dolanc, C.R.; Thorne, J.H.; Safford, H.D. 2013. Widespread
shifts in the demographic structure of subalpine forests in the
Sierra Nevada, California, 1934 to 2007. Global Ecology and
Biogeography. 22: 264 -276.

Dormana, M.; Svoray, T.; Perevolotsky, A.; Sarris, D. 2013. Forest
performance during two consecutive drought periods: diverging
long-term trends and short-term responses along a climatic
gradient. Forest Ecology and Management. 310: 1-9.

Dukes, J.S.; Pontius, J.; Orwig, D. [and others]. 2009. Responses
of insect pests, pathogens, and invasive plant species to climate
change in the forests of northeastern North America: what can we
predict? Canadian Journal of Forest Research. 39: 231-248.

Dullinger, S.; Gattringer, A.; Thuiller, W. [and others]. 2012.
Extinction debt of high-mountain plants under twenty-first-century
climate change. Nature Climate Change. 2: 619-622.

Elliott, K.J.; Swank, W.T. 1994. Impact of drought on tree mortality
and growth in a mixed hardwood forest. Journal of Vegetation
Science. 5: 229-236.

Engber, E.A.; Varner, J.M. 2012. Patterns of flammability of the
California oaks: the role of leaf traits. Canadian Journal of Forest
Research. 42: 1965-1975.

Erickson, V.; Aubry, C.; Berrang, P. [and others]. 2012. Genetic
resource management and climate change: genetic options for
adapting national forests to climate change. Washington, DC: U.S.
Department of Agriculture, Forest Service, Forest Management,
Genetic Resource Management Program. [Internal white paper].
20 p. http://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/
stelprdb1077125.pdf. [Date accessed: September 14, 2015].

Esper, J.; Niederer, R.; Bebi, P.; Frank, D. 2008. Climate signal age
effects—evidence from young and old trees in the Swiss Engadin.
Forest Ecology and Management. 255: 3783-3789.

Evans, S.E.; Wallenstein, M.D.; Burke, I.C. 2014. Is bacterial
moisture niche a good predictor of shifts in community
composition under long-term drought? Ecology. 95: 110-122.

Faber-Langendoen, D.; Tester, J.R. 1993. Oak mortality in sand
savannas following drought in east-central Minnesota. Bulletin of
the Torrey Botanical Club. 248-256.


http://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb1077125.pdf
http://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb1077125.pdf

CHAPTER 4

Fahey, T.J. 1998. Recent changes in an upland forest in south-
central New York. Journal of the Torrey Botanical Society.
125: 51-59.

Farmer, R.E., Jr. 1997. Seed ecophysiology of temperate and boreal
zone forest trees. Delray Beach, FL: St. Lucie Press. 253 p.

Fastie, C.L. 1995. Causes and ecosystem consequences of multiple
pathways of primary succession at Glacier Bay, Alaska. Ecology.
76(6): 1899-1916.

Feddema, J.J.; Mast, J.N.; Savage, M. 2013. Modeling high-
severity fire, drought and climate change impacts on ponderosa
pine regeneration. Ecological Modelling. 253: 56-69.

Feeley, K.J.; Hurtado, J.; Saatchi, S. [and others]. 2013.
Compositional shifts in Costa Rican forests due to climate-driven
species migrations. Global Change Biology. 19(11): 3472-3480.

Feeley, K.J.; Silman, M.R.; Bush, M. [and others]. 2011. Upslope
migration of Andean trees. Journal of Biogeography. 38: 783-791.

Fei, S.; Kong, N.; Steiner, K.C. [and others]. 2011. Change in oak
abundance in the Eastern Unites States from 1980 to 2008. Forest
Ecology and Management. 262: 1370-1377.

Fellows, A.W.; Goulden, M.L. 2012. Rapid vegetation redistribution
in Southern California during the early 2000s drought.
Journal of Geophysical Research. 117(G3): G03025. 11 p.
doi:10.1029/2012JG002044. [Published online: August 31, 2012].

Fettig, C.J.; Klepzig, K.D.; Billings, R.F. [and others]. 2007. The
effectiveness of vegetation management practices for prevention
and control of bark beetle infestations in coniferous forests of
the Western and Southern United States. Forest Ecology and
Management. 238: 24-53.

Fitzpatrick, M.C.; Hargrove, W.W. 2009. The projection of species
distribution models and the problem of non-analog climate.
Biodiversity and Conservation. 18: 2255-2261.

Floyd, M.L.; Clifford, M.; Cobb, N.S. [and others]. 2009.
Relationship of stand characteristics to drought-induced mortality
in three Southwestern pifon-juniper woodlands. Ecological
Applications. 19(5): 1223-1230.

Franklin, J. 2010. Moving beyond static species distribution
models in support of conservation biogeography. Diversity and
Distributions. 16: 321-330.

Franklin, J.; Davis, FW.; [kagami, M. [and others]. 2013. Modeling
plant species distributions under future climates: how fine-scale
do climate models need to be? Global Change Biology.
19:473-483.

Frelich, L.E.; Reich, P.B. 2010. Will environmental changes reinforce
the impact of global warming on the prairie-forest border of central
North America? Frontiers in Ecology and the Environment.
8:371-378.

Friedrichs, D.A.; Trouet, V.; Biintgen, U. [and others]. 2009.
Species-specific climate sensitivity of tree growth in Central-West
Germany. Trees. 23: 729-739.

Fritts, H.C. 1976. Tree rings and climate. New York: Academic Press.
567 p.

Fulé, P.Z.; Korb, J.E.; Wu, R. 2009. Changes in forest structure of
a mixed conifer forest, southwestern Colorado, U.S.A. Forest
Ecology and Management. 258 (7): 1200-1210.

Galiano, L.; Martinez-Vilalta, J.; Eugenio, M. [and others]. 2013.
Seedling emergence and growth of Quercus spp. following severe
drought effects on a Pinus sylvestris canopy. Journal of Vegetation
Science. 24: 580-588.

Ganey, J.L.; Vojta, S.C. 2011. Tree mortality in drought-stressed
mixed-conifer and ponderosa pine forests, Arizona, U.S.A. Forest
Ecology and Management. 261(1): 162-168.

Garrity, S.R.; Allen, C.D.; Brumby, S.P. [and others]. 2013.
Quantifying tree mortality in a mixed species woodland using
multitemporal high spatial resolution satellite imagery. Remote
Sensing of Environment 129: 54-65.

Gaston, K.J. 2009. Geographic range limits: achieving synthesis.
Proceedings of The Royal Society B. 276: 1395-1406.

Gaylord, M.L.; Kolb, T.E.; Pockman, W.T. [and others]. 2013.
Drought predisposes pifion-juniper woodlands to insect attacks
and mortality. New Phytologist. 198: 567-578.

Gehrig-Fasel, J.; Guisan, A.; Zimmermann, N.E. 2007. Treeline
shifts in the Swiss Alps: climate change or land abandonment?
Journal of Vegetation Science. 18: 571-582.

Gitlin, A.R.; Sthultz, C.M.; Bowker, M.A. [and others]. 2006.
Mortality gradients within and among dominant plant populations
as barometers of ecosystem change during extreme drought.
Conservation Biology. 20: 1477-1486.

Goeking, S.A. 2015. Disentangling forest change from forest
inventory change: a case study from the U.S. interior west. Journal
of Forestry 113(5): 475-483.

Goforth, B.R.; Minnich, R.A. 2008. Densification, stand-
replacement wildfire, and extirpation of mixed conifer forest in
Cuyamaca Rancho State Park, southern California. Forest Ecology
and Management. 256: 36-45.

Gottfried, M.; Pauli, H.; Futschik, A. [and others]. 2012. Continent-
wide response of mountain vegetation to climate change. Nature
Climate Change. 2: 111-115.

Graumlich, L. 1993. Response of tree growth to climatic variation in
the mixed conifer and deciduous forests of the upper Great Lakes
region. Canadian Journal of Forest Research. 23: 133-143.

Grossiord, C.; Granier, A.; Ratcliffe, S. [and others]. 2014. Tree
diversity does not always improve resistance of forest ecosystems
to drought. Proceedings of the National Academy of Sciences.

111: 14,812-14,815.

Grossnickle, S. 2005. Importance of root growth in overcoming
planting stress. New Forests. 30: 273-294.

Grubb, P.J. 1977. The maintenance of species-richness in plant
communities: the importance of the regeneration niche. Biological
Review, Cambridge Philosophical Society. 52: 102-145.

Gruhn, A.J.; White, P.S. 2011. Magnolia grandiflora L. range
expansion: a case study of a North Carolina Piedmont forest.
Southeastern Naturalist. 10(2): 275-288.

Guisan, A.; Rahbek, C. 2011. SESAM - a new framework integrating
macroecological and species distribution models for predicting
spatio-temporal patterns of species assemblages. Journal of
Biogeography. 38: 1433-1444.

Guisan, A.; Thuiller, W. 2005. Predicting species distribution:
offering more than simple habitat models. Ecology Letters.
8:993-1009.

Guisan, A.; Zimmermann, N.E. 2000. Predictive habitat distribution
models in ecology. Ecological Modelling. 135:147-186.

Guldin, J.M. 2014. Adapting silviculture to a changing climate in the
southern United States. In: Vose, J.M.; Klepzig, K.D., eds. Climate
change for adaptation and mitigation management options: a guide
for natural resource managers in southern forest ecosystems.
Boca Raton, FL: CRC Press: 173-192.

Gustafson, E.J.; Shinneman, D.J. 2015. Approaches to modeling
landscape-scale drought-induced forest mortality. In: Perera,
A.; Sturtevant, B.; Buse, L., eds. Simulation modeling of forest
landscape disturbances. New York: Springer: 45-71.



CHAPTER 4

Gustafson, E.J.; Sturtevant, B.R. 2013. Modeling forest mortality
caused by drought stress: implications for climate change.
Ecosystems. 16: 60-74.

Guyette R.P.; Spetich, M.A.; Stambaugh, M.C. 2006. Historic fire
regime dynamics and forcing factors in the Boston Mountains,
Arkansas, USA. Forest Ecology and Management. 234: 293-304.

Gyenge, J.; Fernandez, M.; Sarasola, M.; Schlichter, T. 2011.
Stand density and drought interaction on water relations of
Nothofagus antarctica: contribution of forest management to
climate change adaptability. Trees—Structure and Function.
25:1111-1120.

Haase, D.L.; Rose, R. 1993. Soil moisture stress induces transplant
shock in stored and unstored 2+0 Douglas-fir seedlings of varying
root volumes. Forest Science. 39: 275-294.

Haavik, L.; Stahle, D.; Stephen, F. 2011. Temporal aspects of
Quercus rubra decline and relationship to climate in the Ozark
and Ouachita Mountains, Arkansas. Canadian Journal of Forest
Research. 781: 773-781.

Haire, S.1.; McGarigal, K. 2008. Inhabitants of landscape scars:
succession of woody plants after large, severe forest fires in
Arizona and New Mexico. The Southwestern Naturalist.
53(2): 146-161.

Handler, S.D.; Matthew, J.; Iverson, J. [and others]. 2014.
Minnesota Forest Ecosystem Vulnerability Assessment and
Synthesis: a report from the Northwoods Climate Change
Response Framework. Gen. Tech. Rep. NRS-133. Newtown
Square, PA: U.S. Department of Agriculture, Forest Service,
Northern Research Station. 228 p.

Hanson, P.J.; Weltzin, J.F. 2000. Drought disturbance from climate
change: response of United States forests. Science of the Total
Environment. 262: 205-220.

Harper, J.L. 1977. Population biology of plants. London: Academic
Press. 892 p.

Hawkes, C.V.; Kivlin, S.N.; Rocca, J.D. [and others]. 2011. Fungal
community responses to precipitation. Global Change Biology.
17: 1637-1645.

Henderson, J.P.; Grissino-Mayer, H.D. 2009. Climate-tree
growth relationships of longleaf pine (Pinus palustris Mill.) in the
Southeastern Coastal Plain, U.S.A. Dendrochronologia. 27: 31-43.

Hersh, M.H.; Vilgalys, R.; Clark, J.S. 2012. Evaluating the impacts
of multiple generalist fungal pathogens on temperate tree seedling
survival. Ecology. 93: 511-520.

Hicke, J.A.; Meddens, A.J.H.; Allen, C.D.; Kolden, C.A. 2013.
Carbon stocks of trees killed by bark beetles and wildfire in the
Western United States. Environmental Research Letters. 8(3):
035032. 8 p. doi:10.1088/1748-9326/8/3/035032. [Published
online: August 29, 2013].

Hicks, R.R., Jr.; Howard, J.E.; Watterston, K.G.; Coster, J.E. 1979.
Rating forest stand susceptibility to southern pine beetle in east
Texas. Forest Ecology and Management. 2: 269-283.

Higgins, S.I.; Richardson, D.M. 1999. Predicting plant migration
rates in a changing world: the role of long-distance dispersal. The
American Naturalist. 153: 464-475.

Hogg, E.T.; Brandt, J.P.; Kochtubajda, B. 2005. Factors affecting
interannual variation in growth of western Canadian aspen forests
during 1951-2000. Canadian Journal of Forest Research.
35:610-622.

Hogg, E.T.; Brandt, J.P.; Michaelian, M. 2008. Impacts of a
regional drought on productivity, dieback, and biomass of western
Canadian aspen forests. Canadian Journal of Forest Research. 38:
1373-1384.

Hood, L.A.; Swaine, M.D.; Mason, P.A. 2004. The influence of
spatial patterns of damping-off disease and arbuscular mycorrhizal
colonization on tree seedling establishment in Ghanaian tropical
forest soil. Journal of Ecology. 92: 816-823.

Hough, A.F.; Forbes, R.D. 1943. The ecology and silvics of forests in
the High Plateau of Pennsylvania. Ecological Monographs.
13:299-320.

Houle, G. 1999. Mast seeding in Abies balsamea, Acer saccharum
and Betula alleghaniensis in an old growth, cold temperate forest
of north-eastern North America. Journal of Ecology. 87: 413-422.

Hubbell, S.P.; Foster, R.B.; O'Brien, S.T. [and others]. 1999. Light-
gap disturbances, recruitment limitation, and tree diversity in a
neotropical forest. Science. 283: 554-557.

Huntley, B.; Birks, H.J.B. 1983. An atlas of past and present pollen
maps for Europe: 0-13000 years ago. Cambridge, UK: Cambridge
University Press. 688 p.

Hursh, C.R.; Haasis, F.W. 1931. Effects of 1925 summer drought on
southern Appalachian hardwoods. Ecology. 12: 380-386.

Hutchinson, T.; Long, R.; Ford, R.; Sutherland, E.K. 2008. Fire
history and the establishment of oaks and maples in second-
growth forests. Canadian Journal of Forestry Research.
38:1184-1196.

Ibanez, I.; Clark, J.S.; Dietze, M.C. [and others]. 2006. Predicting
biodiversity change: outside the climate envelope, beyond the
species-area curve. Ecology. 87: 1896-1906.

Ibanez, |.; Clark, J.S.; LaDeau, S.; Hille Ris Lambers, J. 2007.
Exploiting temporal variability to understand tree recruitment
response to climate change. Ecological Monographs.

77(2): 163-177.

Ibanez, |.; McCarthy-Neumann, S. 2014. Integrated assessment
of the direct and indirect effects of resource gradients on tree
species recruitment. Ecology. 95: 364-375.

Ichihara, Y.; Yamaiji, K. 2009. Effect of light conditions on the
resistance of current-year Fagus crenata seedlings against fungal
pathogens causing damping-off in a natural beech forest: fungus
isolation and histological and chemical resistance. Journal of
Chemical Ecology. 35: 1077-1085.

Innes, J.L. 1994. The occurrence of flowering and fruiting on
individual trees over 3 years and their effects on subsequent
crown condition, Trees Structure and Function. 8: 139-150.

Intergovernmental Panel on Climate Change (IPCC). 1995. IPCC
Second Assessment: Climate Change 1995. http://ipcc.ch/pdf/
climate-changes-1995/ipcc-2d-assessment/2d-assessment-en.
pdf. [Date accessed: August 2015].

Intergovernmental Panel on Climate Change (IPCC). 2014.
Climate change 2014: impacts, adaptation, and vulnerability. Part
B: regional aspects. Contribution of Working Group Il to the Fifth
Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge, UK: Cambridge University Press. 688 p.

Iverson, L.R.; Hutchinson, T.F.; Prasad, A.M.; Peters, M.P. 2008a.
Thinning, fire, and oak regeneration across a heterogeneous
landscape in the eastern U.S.: 7-year results. Forest Ecology and
Management. 255: 3035-3050.

Iverson, L.R.; Prasad, A.M.; Matthews, S.N.; Peters, M. 2008b.
Estimating potential habitat for 134 eastern U.S. tree species
under six climate scenarios. Forest Ecology and Management.
254:390-406.

Iverson, L.R.; Prasad, A.M.; Matthews, S.N.; Peters, M. 2008c.
Estimating potential habitat for 134 eastern U.S. tree species
under six climate scenarios. Forest Ecology and Management.
254:390-406.



CHAPTER 4

Iverson, L.R.; Schwartz, M.W.; Prasad, A.M. 2004. How fast and
far might tree species migrate in the Eastern United States due to
climate change? Global Ecology and Biogeography. 13: 209-219.

Jackson, S.T.; Betancourt, J.L.; Booth, R.K.; Gray, S.T. 2009.
Ecology and the ratchet of events: climate variability, niche
dimensions, and species distributions. Proceedings of the National
Academy of Science. 106(2): 19,685-19,692.

Jactel, H.; Petit, J.; Desprez-Loustau, M.L. [and others]. 2012.
Drought effects on damage by forest insects and pathogens: a
meta-analysis. Global Change Biology. 18: 267-276.

Janssen, E.; Wuebbles, D.J.; Kunkel, K.E. [and others]. 2014.
Observational- and model-based trends and projections of
extreme precipitation over the contiguous United States. Earth's
Future. 2: 99-113.

Janzen, D.H. 1970. Herbivores and the number of tree species in
tropical forests. American Naturalist. 104: 501-528.

Jenkins, M.A.; Pallardy, S.G. 1995. The influence of drought on red
oak group species growth and mortality in the Missouri Ozarks.
Canadian Journal of Forest Research. 25: 1119-1127.

Jensen, T.S. 1985. Seed-seed predator interactions of European
beech, Fagus silvatica, and forest rodents, Clethrionomys glareolus
and Apodemus flavicollis. Oikos. 44: 149-156.

Jiang, X.; Rauscher, S.A.; Ringler, D.M. [and others]. 2013.
Projected future changes in vegetation in Western North America
in the twenty-first century. Journal of Climate. 26: 3671-3687.

Jordan, L.; Clark, A., lll.; Schimleck, L.R. [and others]. 2008.
Regional variation in wood specific gravity of planted loblolly pine
in the United States. Canadian Journal of Forest Research.
38:698-710.

Joyce, L.A.; Running, S.W.; Breshears, D.D. [and others]. 2014.
Ch. 7: forests. In: Melillo, J.M.; Richmond, T.; Yohe, G.W., eds.
Climate change impacts in the United States: the third national
climate assessment. U.S. Global Change Research Program:
175-194. Available at: doi:10.7930/J0Z60KZC. http://nca2014.
globalchange.gov/report/sectors/forests. [Date accessed:
November 2015].

Jump, A.S.; Matyas C.; Penuelas, J. 2009. The altitude-for-latitude
disparity in the range retractions of woody species. Trends in
Ecology & Evolution. 24: 694-701.

Kaiser, K.E.; McGlynn, B.L.; Emanuel, R.E. 2012. Ecohydrology of
an outbreak: mountain pine beetle impacts trees in drier landscape
positions first. Ecohydrology. 6(3): 444-454.

Kane, J.M.; Meinhardt, K.A.; Chang, T. [and others]. 2011.
Drought-induced mortality of a foundation species (Juniperus
monosperma) promotes positive afterlife effects in understory
vegetation. Plant Ecology. 212: 733-741.

Kayes, L.J.; Tinker, D.B. 2012. Forest structure and regeneration
following a mountain pine beetle epidemic in southeastern
Wyoming. Forest Ecology and Management. 263: 57-66.

Keenan, T.; Sabate, S.; Gracia, C.A. 2008. Forest eco-physiological
models and carbon sequestration. In: Bravo, F.; LeMay, V.;
Jandl, R.; von Gadow K., eds. Managing forest ecosystems: the
challenge of climate change. Berlin: Springer: 83-102.

Kelly, A.E.; Goulden, M.L. 2008. Rapid shifts in plant distribution
with recent climate change. Proceedings of the National Academy
of Science. 105: 11,823-11,826.

King, D.A.; Bachelet, D.M.; Symstad, A.J. 2013. Climate change
and fire effects on a prairie—woodland ecotone: projecting species
range shifts with a dynamic global vegetation model. Ecology and
Evolution. 3(15): 5076-5097.

Klos, R.J.; Wang, G.G.; Bauerle, W.L.; Rieck, J.R. 2009. Drought
impact on forest growth and mortality in the southeast U.S.A:
an analysis using Forest Health and Monitoring data. Ecological
Applications. 19: 699-708.

Koenig, W.D.; Knops, V. 2013. Large-scale spatial synchrony and
cross-synchrony in acorn production by two California oaks.
Ecology. 94: 83-93.

Kolb, T.E.; Agee, J.K.; Fulé, P.Z. [and others]. 2007. Perpetuating
old ponderosa pine. Forest Ecology and Management. 249:
141-157.

Kolb, P.F.; Robberecht, R. 1996. High temperature and drought
stress effects on survival of Pinus ponderosa seedlings. Tree
Physiology. 16: 665-672.

Kot, M.; Lewis, M.A.; van den Driessche, P. 1996. Dispersal data
and the spread of invading organisms. Ecology. 77: 2027-2042.

Kreye, J.K.; Varner, J.M.; Hiers, J.K.; Mola, J. 2013. Toward a
mechanism for eastern North American forest mesophication:
differential litter drying across 17 species. Ecological applications:
a publication of the Ecological Society of America. 23: 1976-86.

Kueppers, L.M.; Snyder, M.A.; Sloan, L.C. [and others]. 2005.
Modeled regional climate change and California endemic oak
ranges. Proceedings of the National Academy of Sciences.
102(45): 16,281-16,286.

Kukowski, K.R.; Schwinning, S.; Schwartz, B.F. 2012. Hydraulic
responses to extreme drought conditions in three co-dominant
tree species in shallow soil over bedrock. Oecologia. 171(4):
819-830. doi 10.1007/s00442-012-2466-x. [Published online:
October 2, 2012].

Kurz, W.A.; Dymond, C.C.; Stinson, G. [and others]. 2008.
Mountain pine beetle and forest carbon feedback to climate
change. Nature. 452: 987-990.

LaDeau, S.L.; Clark, J.S. 2001. Rising CO, levels and the fecundity
of forest trees. Science. 292: 95-98.

Lafon, C.W.; Quiring, S.M. 2012. Relationships of fire and
precipitation regimes in temperate forests of the Eastern United
States. Earth Interactions. 16: 1-15.

Larsen, D.R.; Johnson. P.S. 1998. Linking the ecology of natural oak
regeneration to silviculture. Forest Ecology and Management.
106: 1-7.

Le Blanc, D.C.; Terrell, M.A. 2009. Radial growth response of white
oak to climate in eastern North America. Canadian Journal of
Forest Research. 39: 2180-2192.

Ledig, F.T.; Kitzmiller, J.H. 1992. Genetic strategies for reforestation
in the face of global climate change. Forest Ecology and
Management. 50: 153-169.

Lenihan, J.M.; Bachelet, D.; Neilson, R.P.; Drapek, R. 2008.
Response of vegetation distribution, ecosystem productivity, and
fire to climate change scenarios for California. Climatic Change.
87: 215-230.

Lenoir, J.; Gégout, J.C.; Marquet, P.A. [and others]. 2008. A
significant upward shift in plant species optimum elevation during
the 20th century. Science. 320(5884): 1768-1771.

Levin, S.A. 1992. The problem of pattern and scale in ecology.
Ecology. 73: 1943-1967.

Li, W.; Li, L.; Fu, R. [and others]. 2011. Changes to the North
Atlantic subtropical high and its role in the intensification
of summer rainfall variability in the Southeastern United
States. Journal of Climate. 24(5): 1499-1506. doi:
10.1175/2010JCLI3829.1. [Published online: March 1, 2011].



CHAPTER 4

Lin, L.X.; Comita, L.S.; Zheng, Z.; Cao, M. 2012. Seasonal
differentiation in density-dependent seedling survival in a tropical
rain forest. Journal of Ecology. 100: 905-914.

Linares, C.J.; Camarero, J.; Carreira, A. 2009. Interacting effects
of changes in climate and forest cover on mortality and growth
of the southernmost European fir forests. Global Ecology and
Biogeography. 18: 485-497.

Lines, E.R.; Coomes, D.A.; Purves, D.W. 2010. Influences of forest
structure, climate and species composition on tree mortality
across the eastern U.S. PLoS ONE. 5(10): €13212. 12 p. doi:
10.1371/journal.pone.0013212. [Published online: October
13, 20101.

Lischke, H.; Zimmermann, N.E.; Bolliger, J. [and others]. 2006.
TreeMig: A forest-landscape model for simulating spatio-temporal
patterns from stand to landscape scale. Ecological Modelling.
199: 409-420.

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

Littell, J.; Peterson, D.; Tjoelker, M. 2008. Douglas-fir growth in
mountain ecosystems: water limits tree growth from stand to
region. Ecological Monographs. 78: 349-368.

Little, E.L., Jr. 1971. Atlas of United States trees: volume 1, conifers
and important hardwoods: U.S. Department of Agriculture Misc.
Publ. 1146. Washington, DC: U.S. Department of Agriculture,
Forest Service. 9 p. 200 maps.

Little, E.L., Jr. 1976. Atlas of United States trees, volume 3, minor
Western hardwoods: U.S. Department of Agriculture Misc. Publ.
1314. Washington, DC: U.S. Department of Agriculture, Forest
Service. 13 p. 290 maps.

Little, E.L., Jr. 1977. Atlas of United States trees, volume 4, minor
Eastern hardwoods: U.S. Department of Agriculture Misc. Publ.
1342. Washington, DC: U.S. Department of Agriculture, Forest
Service. 17 p. 230 maps.,

Loarie, S.R.; Duffy, P.B.; Hamilton, H. [and others]. 2009. The
velocity of climate change. Nature. 462: 1052-1055.

Loehman, R.A.; Corrow, A.; Keane, R.E. 2011. Modeling climate
changes and wildfire interactions: Effects on whitebark pine (Pinus
albicaulis) and implications for restoration, Glacier National Park,
Montana, U.S.A. Forests. 2(4): 832-860.

Loik, M.E.; Breshears, D.D.; Lauenroth, W.K.; Belnap, J. 2004.
A multi-scale perspective of water pulses in dryland ecosystems:
climatology and ecohydrology of the western U.S.A. Oecologia.
14:269-281.

Luo, Y.; Chen, H.Y.H. 2013. Observations from old forests
underestimate climate change effects on tree mortality. Nature
Communications. 4: 1655. 6 p. doi: 10.1038/ncomms2681.
[Published online: April 3, 2013].

Luo, Y.; Ogle, K.; Tucker, C. [and others]. 2011. Ecological
forecasting and data assimilation in a data-rich era. Ecological
Applications. 21: 1429-1442.

Lutz, J.A.; van Wagtendonk, J.W.; Franklin, J.F. 2009. Twentieth-
century decline of large-diameter trees in Yosemite National Park,
California, U.S.A. Forest Ecology and Management.
257:2296-2307.

Lynch, C.; Hessl, A. 2010. Climatic controls on historical wildfires in
West Virginia, 1939-2008. Physical Geography. 31: 254-269.

Macalady, A.K.; Bugmann, H. 2014. Growth-mortality relationships
in pinon pine (Pinus edulis) during severe droughts of the past
century: shifting processes in space and time. PLos One 9(5):
€92770. doi: 10.1371/journal.pone.0092770. [Published online:
May 2, 2014].

Man, G., comp. 2013. Major forest insect and disease conditions
in the United States: 2012. FS-1023. Washington, DC: U.S.
Department of Agriculture, Forest Service, Forest Health
Protection. 44 p. http://www.fs.fed.us/foresthealth/current_
conditions.shtml. [Date accessed: September 14, 2015].

Manion, P. 1981. Tree disease concepts, 2d ed. Englewood Cliffs,
NJ: Prentice Hall. 399 p.

Martin-Benito, D.; Kint, V.; del Rio, M. [and others]. 2011. Growth
responses of West-Mediterranean Pinus nigra to climate change
are modulated by competition and productivity: past trends and
future perspectives. Forest Ecology and Management.

262: 1030-1040.

Martin-Benito, D.; Pederson, N. 2015. Convergence in drought
stress, but a divergence of climatic drivers across a latitudinal
gradient in a temperate broadleaf forest. Journal of Biogeography.
42:925-937. doi: 10.1111/jbi.12462. [Published online: January
13, 2015].

Masek, J.G.; Cohen, W.B.; Leckie, D. [and others]. 2011. Recent
rates of forest harvest and conversion in North America. Journal
Geophysical Research: Biogeosciences. 116(G4): GO0K03. 22 p.
doi:10.1029/2010JG001471. [Published online: April 15, 2011].

Mast, J.N.; Wolf, J. 2006. Spatial patch patterns and altered forest
structure in middle elevation versus upper ecotonal mixed-conifer
forests, Grand Canyon National Park, Arizona, U.S.A. Forest
Ecology and Management. 236: 241-250.

Matlack, G.R. 1987. Diaspore size, shape, and fall behavior in wind-
dispersed plant species. American Journal of Botany.
74:1150-1160.

Matthews, S.N.; lverson, L.R.; Prasad, A.M. [and others]. 2011.
Modifying climate change habitat models using tree species-
specific assessments of model uncertainty and life history-factors.
Forest Ecology and Management. 262: 1460-1472.

Maxwell, J.T.; Harley, G.L.; Matheus, T.J. 2014. Dendroclimatic
reconstructions from multiple co-occurring species: a case
study from an old-growth deciduous forest in Indiana, U.S.A.
International Journal of Climatology. 35(6): 860-870.

Maxwell, R.S.; Hessl, A.E.; Cook, E.R.; Pederson, N. 2011. A
multispecies tree ring reconstruction of Potomac River streamflow
(950-2001). Water Resources Research. 47: W05512. 12 p.
doi:10.1029/2010WR010019. [Published online: May 12, 2011].

McCarthy-Neumann, S.; Ibanez, I. 2012. Tree range expansion
may be enhanced by escape from negative plant-soil feedbacks.
Ecology. 93: 2637-2649.

McDowell, N.G.; Adams, H.D.; Bailey, J.D. [and others]. 2006.
Homeostatic maintenance of ponderosa pine gas exchange in
response to stand density changes. Ecological Applications.
16: 1164-1182.

McDowell, N.G.; Beerling, D.J.; Breshears, D.D. [and others].
2011. The interdependence of mechanisms underlying climate-
driven vegetation mortality. Trends in Ecology and Evolution.
26:523-532.

McDowell, N.G.; Fisher, R.A.; Xu, C.; Domec, J.C. [and others].
2013. Evaluating theories of drought-induced vegetation mortality
using a multimodel-experiment framework. New Phytologist. 200:
304-321.

McEwan, R.W.; Dyer, J.M.; Pederson, N. 2011. Multiple interacting
ecosystem drivers: toward an encompassing hypothesis of oak
forest dynamics across eastern North America. Ecography.
34:244-256.

McKenney, D.W.; Pedlar, J.H.; Lawrence, K. [and others]. 2007.
Potential impacts of climate change on distribution of North
American trees. BioScience. 57: 939-948.



CHAPTER 4

McKenney, D.W.; Pedlar, J.H.; Rood, R.B.; Price, D. 2011.
Revisiting projected shifts in the climate envelopes of North
American trees using updated general circulation models. Global
Change Biology. 17: 2720-2730.

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

McLachlan, J.S.; Hellman, J.J.; Schwartz, M.W. 2007. A
framework for debate of assisted migration in an era of climate
change. Conservation Biology. 21(2): 297-302.

McLaughlin, B.; Zavaleta, E.S. 2012. Predicting species’ responses
to climate change: demography and climate microrefugia in
California valley oak. Global Change Biology. 18: 2301-2312.

McMahon, S.M.; Parker, G.C.; Miller, D.R. 2010. Evidence for a
recent increase in forest growth. Proceedings of the National
Academy of Sciences. 107: 3611-3615.

Meddens, A.J.H.; Hicke, J.A.; Ferguson, C.A. 2012.
Spatiotemporal patterns of observed bark beetle-caused tree
mortality in British Columbia and the Western United States.
Ecological Applications. 22(7): 1876-1891.

Medvigy, D.; Moorcroft, P.R. 2012. Predicting ecosystem dynamics
at regional scales: an evaluation of a terrestrial biosphere model
for the forests of northeastern North America. Philosophical
Transactions of the Royal Society B-Biological Sciences.
367:222-235.

Meier, E.S.; Lischke, H.; Schmatz, D.R.; Zimmermann, N.E. 2012.
Climate, competition and connectivity affect future migration and
ranges of European trees. Global Ecology and Biogeography.
21:164-178.

Melillo, J.M.; Terese, T.C.; Richmond, T.C.; Yohe, G.W., eds. 2014.
Climate change impacts in the United States: the third national
climate assessment. U.S. Global Change Research Program.

841 p. Available at: doi: 10.7930/J0Z31WJ2. http://nca2014.
globalchange.gov/report/regions/northeast [Date accessed:
November 2015].

Menard, A.; Dube, P.; Bouchard, A. [and others]. 2002. Evaluating
the potential of the SORTIE forest succession model for spatio-
temporal analysis of small-scale disturbances. Ecological
Modelling. 153: 81-96.

Miao, S.; Zou, C.B.; Breshears, D.D. 2009. Vegetation responses
to extreme hydrological events: sequence matters. The American
Naturalist. 173: 113-118.

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

Millar, C.I.; Westfall, R.D.; Delany, D.L. [and others]. 2012. Forest
mortality in high-elevation whitebark pine (Pinus albicaulis) forests
of eastern California, U.S.A_; influence of environmental context,
bark beetles, climatic water deficit, and warming. Canadian Journal
of Forest Research. 42(4): 749-765.

Miller, J.; Safford, H.; Crimmins, M.; Thode, A. 2009. Quantitative
evidence for increasing forest fire severity in the Sierra Nevada
and southern Cascade Mountains, California and Nevada, U.S.A.
Ecosystems. 12: 16-32.

Miller, P.A.; Giesecke, T.; Hickler, T. [and others]. 2008. Exploring
climatic and biotic controls on Holocene vegetation change in
Fennoscandia. Journal of Ecology. 96: 247-259.

Miller, R.F.; Rose, J.A. 1999. Fire history and western juniper
encroachment in sagebrush steppe. Journal of Rangeland
Management. 52(6): 550-559.

Minckley, T.A.; Bartlein, P.J.; Whitlock, C. [and others]. 2008.
Associations among modern pollen, vegetation, and climate in
western North America. Quaternary Science Reviews.
27:1962-1991.

Minnich, R.A. 2007. Southern California conifer forests. In: Barbour,
M.G.; Keeler-Wolf, T.; Schoenherr, A.S., eds. Terrestrial vegetation
of California, 3d ed. Los Angeles: University of California Press:
502-538. Chapter 18.

Miladenoff, D.J.; Host, G.E.; Boeder, J.R.; Crow, T.R. 1996.
LANDIS: a spatial model of forest landscape disturbance
succession, and management. In: GIS and Environmental
Modeling: Progess and Research Issues. Fort Collins, CO: GIS
World Books: 175-179.

Mok, H.F.; Arndt, S.K.; Nitschke, C.R. 2012. Modelling the potential
impact of climate variability on species regeneration potential in SE
Australia. Global Change Biology. 18: 1053-1072.

Moore, G.W.; Edgar, C.B.; Vogel, J. [and others]. (In press). Tree
mortality from an exceptional drought spanning mesic to semiarid
ecoregions. Ecological Applications.

Moore, M.M.; Covington, W.W.; Fulé, P.Z. [and others]. 1999.
References conditions and ecological restoration: a southwestern
ponderosa pine perspective. Ecological Applications. 9: 1266-1277.

Morales, P.; Sykes, M.T.; Prentice, I.C. [and others]. 2005.
Comparing and evaluating process-based ecosystem model
predictions of carbon and water fluxes in major European forest
biomes. Global Change Biology. 11: 2211-2233.

Morin, X.; Augspurger, C.; Chuine, |. 2007. Process-based
modeling of species’ distributions: what limits temperate tree
species’ range boundaries. Ecology. 88: 2280-2291.

Mueller, J.M.; Hellman, J.J. 2008. An assessment of invasion risk
from assisted migration. Conservation Biology. 22(3): 562-567.

Mueller, R.C.; Scudder, C.M.; Porter, M.E. [and others]. 2005.
Differential tree mortality in response to severe drought: evidence
for long-term vegetation shifts. Journal of Ecology.
93:1085-1093.

Murphy, H.T.; VanDerWal, J.; Lovett-Doust, J. 2006. Distribution
of abundance across the range in eastern North American trees.
Global Ecology and Biogeography. 15: 63-71.

Nabel, J.; Zurbriggen, N.; Lischke, H. 2013. Interannual climate
variability and population density thresholds can have a substantial
impact on simulated tree species’ migration. Ecological Modelling.
257:88-100.

Newbery, D.M.; Stoll, P. 2013. Relaxation of species-specific
neighborhood effects in Bornean rain forest under climatic
perturbation. Ecology. 94: 2838-2851.

Nilsen, E.T.; Clinton, B.D.; Lei, T.T. [and others]. 2001. Does
Rhododendron maximum L. (Ericaceae) reduce the availability
of resources above and belowground for canopy tree seedlings?
American Midland Naturalist. 145: 325-343.

Nilsson, U.; Orlander, G. 1995. Effects of regeneration methods
on drought damage to newly planted Norway spruce seedlings.
Canadian Journal of Forest Research. 25: 790-802.

Notaro, M.; Mauss, A.; Williams, J.W. 2012. Projected vegetation
changes for the American Southwest: combined dynamic
modeling and bioclimatic-envelope approach. Ecological
Applications. 22: 1365-1388.

Nowacki, G.J.; Abrams, M.D. 2008. The demise of fire and
“Mesophication” of forests in the Eastern United States.
Bioscience. 58: 123-138.

Nyland, R.D. 2007. Silviculture : concepts and applications. Long
Grove, IL: Waveland Press. 704 p.



CHAPTER 4

O’Connor, C.D. 2013. Spatial and temporal dynamics of disturbance
interactions along an ecological gradient. School of Natural
Resources and the Environment, Tucson, AZ: University of
Arizona. 204 p. Ph.D. Dissertation.

Ogle, K.; Pacala, S.W. 2009. A modeling framework for inferring
tree growth and allocation from physiological, morphological, and
allometric traits. Tree Physiology. 29: 587-605.

O’Hara, K.L.; Nagel, L.M. 2013. The stand: revisiting a central
concept in forestry. Journal of Forestry. 111(5): 335-340.

Ohmann, J.L.; Spies, T.A. 1998. Regional gradient analysis and
spatial pattern of woody plant communities of Oregon forests.
Ecological Monographs. 68: 151-182.

Olano, J.M.; Palmer, M.W. 2003. Stand dynamics of an Appalachian
old-growth forest during a severe drought episode. Forest Ecology
and Management. 174: 139-148.

Oosting, H.J. 1942. An ecological analysis of the plant communities
of Piedmont, North Carolina. American Midland Naturalist. 28:
1-126.

Orwig, D.A.; Abrams, M.D. 1997. Variation in radial growth
responses to drought among species, site, and canopy strata.
Trees. 11: 474-484.

Overpeck, J.T.; Rind, D.; Goldberg, R. 1990. Climate-induced
changes in forest disturbance and vegetation. Nature. 343: 51-53.

Owens, J.N. 1995. Constraints to seed production: temperate and
tropical trees. Tree Physiology. 15: 477-484.

Pacala, S.W.; Canham, C.D.; Saponara, J. [and others]. 1996.
Forest models defined by field measurements: estimation, error
analysis and dynamics. Ecological Monographs. 66: 1-43.

Pagel, J.; Schurr, F.M. 2012. Forecasting species ranges by
statistical estimation of ecological niches and spatial population
dynamics. Global Ecology and Biogeography. 21: 293-304.

Papaik, M.J.; Canham, C.D. 2006. Species resistance and
community response to wind disturbance regimes in northern
temperate forests. Journal of Ecology. 94: 1011-1026.

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

Parshall, T. 1995. Canopy mortality and stand-scale change in a
northern hemlock—hardwood forest. Canadian Journal of Forestry
Research. 25: 1466-1478.

Parshall, T.; Foster, D. 2003. Fire on the New England landscape:
regional and temporal variation, cultural and environmental
controls. Journal of Biogeography. 29: 1305-1317.

Parsons, D.J.; DeBenedetti, S.H. 1979. Impact of fire suppression
on a mixed-conifer forest. Forest Ecology and Management.
2:21-33.

Pasho, E.; Camarero, J.J.; de Luis, M.; Vicente-Serrano, S.M.
2011. Impacts of drought at different time scales on forest growth
across a wide climatic gradient in north-eastern Spain. Agricultural
and Forest Meteorology. 151: 1800-1811.

Pedersen, B. 1998. The role of stress in the mortality of midwestern
oaks as indicated by growth prior to death. Ecology. 79: 79-93.

Pederson, N.; Bell, A.R.; Cook, E.R. [and others]. 2013. Is an epic
pluvial masking the water insecurity of the greater New York City
region? Journal of Climate. 26: 1339-1354.

Pederson, N.; Bell, A.R.; Knight, T.A. [and others]. 2012. Long-
term perspective on a modern drought in the American Southeast.
Environmental Research Letters 7. 014034. 8 p. doi:10.1088/1748-
9326/7/1/014034. [Published online: 14 March 2012].

Pederson, N.; Dyer, J.M.; McEwan, R.W. [and others]. 2014. The
legacy of episodic climatic events in shaping broadleaf-dominated
forests. Ecological Monographs. 84(4): 599-620.

Pederson, N.; Varner, J.M., lll; Palik, B.J. 2008. Canopy
disturbance and tree recruitment over two centuries in a managed
longleaf pine landscape. Forest Ecology and Management.

254: 85-95.

Pelz, K.A.; Smith, FW. 2013. How will aspen respond to mountain
pine beetle? A review of literature and discussion of knowledge
gaps. Forest Ecology and Management. 299: 60-69.

Peng, C.H.; Ma, Z.H.; Lei, X.D. [and others]. 2011. A drought-
induced pervasive increase in tree mortality across Canada’s
boreal forests. Nature Climate Change. 1: 467-471.

Perez-Ramos, I.M.; Ourcival, J.M.; Limousin, J.M.; Rambal, S.
2010. Mast seeding under increasing drought: results from a long-
term data set and from a rainfall exclusion experiment. Ecology.
91: 3057-3068.

Peters, M.P.; Iverson, L.R.; Matthews, S.N. 2014. Spatio-temporal
trends of drought by forest type in the conterminous United
States, 1960-2013. Res. Map NRS-7. Newtown Square, PA: U.S.
Department of Agriculture, Forest Service, Northern Research
Station. [scale 1:12,000,000].

Peters, M.P.; Matthews, S.N.; Iverson, L.R.; Prasad, A.M.
2013. Delineating generalized species boundaries from species
distribution data and a species distribution model. International
Journal of Geographical linformation Science. 28(8): 1547-1560.
doi:10.1080/13658816.2013.840381. [Published online: November
1,2013].

Pinto, J.R.; Marshall, J.D.; Dumroese, R.K. [and others]. 2012.
Photosynthetic response, carbon isotopic composition, survival,
and growth of three stock types under water stress enhanced by
vegetative competition. Canadian Journal of Forest Research.
42:333-344.

Piovesan G.; Adams, J.M. 2001. Masting behaviour in beech:
linking reproduction and climatic variation. Canadian Journal of
Botany. 79: 1039-1047.

Pitelka, L.F.; Gardner, R.H.; Ash, J. [and others]. 1997. Plant
migration and climate change. American Scientist. 85: 464-473.

Potter, K.M.; Hargrove, W.W. 2013. Quantitative metrics for
assessing predicted climate change pressure on North American
tree species. Mathematical and Computational Forestry and
Natural Resources Sciences. 5(2): 151-169.

Potter, K.M.; Hargrove, W.W.; Koch, F.H. 2010. Predicting climate
change extirpation risk for central and southern Appalachian forest
tree species. In: Rentch, J.S.; Schuler, T.M., eds. Proceedings
from Conference on Ecology and Management of High-Elevation
Forests of the Central and Southern Appalachian Mountains. Gen.
Tech. Rep. NRS-P-64. Newtown Square, PA: U.S. Department of
Agriculture, Forest Service, Northern Research Station: 179-189.

Powers, R.F.; Reynolds, P.E. 1999. Ten-year responses of
ponderosa pine plantations to repeated vegetation and nutrient
control along an environmental gradient. Canadian Journal of
Forest Research. 29: 1027-1038.

Prasad, A.M.; Gardiner, J.; lverson, L. [and others]. 2013.
Exploring tree species colonization potentials using a spatially
explicit simulation model: implications for four oaks under climate
change. Global Change Biology. 19: 2196-2208.

Pucek, Z.; Jedrzejewski, W.; Jedrzejewska, B.; Pucek, M. 1993.
Rodent population dynamics in a primeval deciduous forest
(Bialowieza National Park) in relation to weather, seed crop, and
predation. Acta Theriologica. 38: 199-232.



CHAPTER 4

Purves, D.W. 2009. The demography of range boundaries versus
cores in Eastern U.S. tree species. Proceedings of the Royal
Society B. 276: 1477-1484.

Quarterman, E.; Keever, C. 1962. Southern mixed hardwood
forest: climax in the Southeastern Coastal Plain, U.S.A. Ecological
Monographs. 32: 167-185.

Radtke, P.J.; Herring, N.D.; Loftis, D.L.; Keyser, C.E. 2012.
Evaluating Forest Vegetation Simulator predictions for Southern
Appalachian upland hardwoods with a modified mortality model.
Southern Journal of Applied Forestry. 36: 61-70.

Raffa K.F.; Aukema, B.H.; Bentz, B.J. [and others]. 2008. Cross-
scale drivers of natural disturbances prone to anthropogenic
amplification: the dynamics of bark beetle eruptions. BioScience.
58: 501-517.

Rahman, M.S.; Messina, M.G.; Fisher, R.F. 2006. Intensive forest
management affects loblolly pine (Pinus taeda L.) growth and
survival on poorly drained sites in southern Arkansas. Southern
Journal of Applied Forestry. 30(2): 79-85.

Rapacciuolo, G.; Maher, S.P.; Schneider, A.C. [and others].
2014. Beyond a warming fingerprint: individualistic biogeographic
responses to heterogeneous climate change in California. Global
Change Biology. 20: 2841-2855.

Rehfeldt, G.E.; Crookston, N.L.; Warwell, M.V.; Evans, J.S. 2006.
Empirical analyses of plant-climate relationships for the Western
United States. International Journal of Plant Sciences.

167(6): 1123-1150.

Rehfeldt, G.E.; Ferguson, D.E.; Crookston, N.L. 2009. Aspen,
climate, and sudden aspen decline in western U.S.A. Forest
Ecology and Management. 258: 2353-2364.

Reinhardt, E.; Holsinger, L. 2010. Effects of fuel treatments on
carbon-disturbance relationships in forests of the northern Rocky
Mountains. Forest Ecology and Management. 259: 1427-1435.

Roberts, S.D.; Harrington, C.A.; Terry, T.A. 2005. Harvest residue
and competing vegetation affect soil moisture, soil temperature,
N availability, and Douglas-fir seedling growth. Forest Ecology and
Management. 205: 333-350.

Roccaforte, J.P.; Fulé, P.Z.; Covington, W.W. 2010. Monitoring
landscape-scale ponderosa pine restoration treatment
implementation and effectiveness. Restoration Ecology. 18(6):
820-833.

Rogers, P.C.; Landhausser, S.M.; Pinno, B.D.; Ryel, R.J. 2014. A
functional framework for improved management of western North
American aspen (Populus tremuloides Michx.). Forest Science.
60(2): 345-359.

Rogers, P.C.; Mittanck, C.M. 2014. Herbivory strains resilience in
drought-prone aspen landscapes of the Western United States.
Journal of Vegetation Science. 25(2): 457-469.

Royer, P.D.; Cobb, N.S.; Clifford, M.J. [and others]. 2011. Extreme
climatic event-triggered overstory vegetation loss increases
understory solar input regionally: primary and secondary ecological
implications. Journal of Ecology. 99: 714-723.

Rozas, V. 2005. Dendrochronology of pedunculate oak (Quercus
roburL.) in an old-growth pollarded woodland in northern Spain:
tree-ring growth responses to climate. Annals of Forest Science.
62:209-218.

Saltre, F.; Saint-Amant, R.; Gritti, E.S. [and others]. 2013.
Climate or migration: what limited European beech post-glacial
colonization? Global Ecology and Biogeography. 22: 1217-1227.

Salzer, M.\W.; Hughes, M.K.; Bunn, A.G.; Kipfmueller, K.F. 2009.
Recent unprecedented tree-ring growth in bristlecone pine at
the highest elevations and possible causes. Proceedings of the
National Academy of Sciences of the United States of America.
106: 20,348-20,353.

Saunders, M.R.; Arseneault, J.E. 2013. Potential yields and
economic returns of natural disturbance-based silviculture: a case
study from the Acadian Forest Ecosystem Research Program.
Journal of Forestry. 111: 175-185.

Savage, M.; Mast, J.N. 2005. How resilient are southwestern
ponderosa pine forests after crown fires? Canadian Journal of
Forest Research. 35: 967-977.

Savage, M.; Mast, J.N.; Feddema, J.J. 2013. Double whammy:
high-severity fire and drought in ponderosa pine forests of the
Southwest. Canadian Journal of Forest Research. 43: 570-583.

Savage, M.; Brown, P.M.; Feddema, J. 1996. The role of climate
in a pine forest regeneration pulse in the Southwestern United
States. Ecoscience. 3: 310-318.

Scheller, R.M.; Mladenoff, D.J. 2007. An ecological classification
of forest landscape simulation models: tools and strategies for
understanding broad-scale forested ecosystems. Landscape
Ecology. 22: 491-505.

Scheller, R.M.; Mladenoff, D.J. 2008. Simulated effects of climate
change, fragmentation, and inter-specific competition on tree
species migration in northern Wisconsin, U.S.A. Climate Research.
36: 191-202.

Scherstjanoi, M.; Poulter, B.; Kaplan, J.; Lischke, H. 2014. TreeM-
LPJ: a computationally efficient plant physiological height-class-
structured forest model. Ecological Complexity. 19: 96-110.

Schumacher, F.X.; Day, B.B. 1939. The influence of precipitation
upon the width of annual rings of certain timber trees. Ecological
Monographs. 9: 387-429.

Schuster, W.S.L.; Griffin, K.L.; Roth, H. [and others]. 2008.
Changes in composition, structure and aboveground biomass over
seventy-six years (1930-2006) in the Black Rock Forest, Hudson
Highlands, southeastern New York State. Tree Physiology.
28:537-549.

Schwartz, M.W. 1993. Modelling effects of habitat fragmentation on
the ability of trees to respond to climatic warming. Biodiversity and
Conservation. 2: 51-61.

Schwartz, M.\W.; Hellmann, J.J.; Jason, M.M. [and others]. 2012.
Managed relocation: integrating the scientific, regulatory, and
ethical challenges. Bioscience. 62: 732-743.

Shaw, J.D.; Steed, B.E.; DeBlander, L.T. 2005. Forest inventory
and analysis (FIA) annual inventory answers the question: what is
happening to pinyon juniper woodlands? Journal of Forestry.

103: 280-285.

Sheppard, S.; Picard; P. 2006. Visual-quality impact of forest pest
activity at the landscape level: a synthesis of published knowledge
and research needs. Landscape and Urban Planning. 77: 321-342.

Shinneman, D.J.; Baker, W.L.; Rogers, P.C.; Kulakowski, D. 2013.

Fire regimes of quaking aspen in the Mountain West. Forest
Ecology and Management. 299: 22-34.

Shuman, B.; Henderson, A.K.; Plank, C. [and others]. 2009.
Woodland-to-forest transition during prolonged drought in
Minnesota after ca. AD 1300. Ecology. 90(10): 2792-2807.

Shuman, J.K.; Shugart, H.H.; O’Halloran, T.H. 2011. Sensitivity of
Siberian larch forests to climate change. Global Change Biology.
17.2370-2384.

Silvertown, J.W. 1987. Introduction to plant population ecology.
White Plains, NY: Longman. 248 p.



CHAPTER 4

Sitch, S.; Smith, B.; Prentice, |.C. [and others]. 2003. Evaluation
of ecosystem dynamics, plant geography and terrestrial carbon
cycling in the LPJ dynamic global vegetation model. Global Change
Biology. 9(2): 161-185.

Skov, K.R.; Kolb, T.E.; Wallin, K.F. 2004. Tree size and drought
affect ponderosa pine physiological response to thinning and
burning treatments. Forest Science. 50: 81-91.

Snell, R.S. 2014. Simulating long-distance seed dispersal in a
dynamic vegetation model. Global Ecology and Biogeography.
23:89-98.

Song, X.; Zeng, X. 2014. Investigation of uncertainties of
establishment schemes in dynamic global vegetation models.
Advances in Atmospheric Sciences. 31: 85-94.

Sork, V.L.; Davis, FW.; Westfall, R. [and others]. 2010. Gene
movement and genetic association with regional climate gradients
in California valley oak (Quercus lobata Née) in the face of climate
change. Molecular Ecology. 19(17): 3806-3823.

St. George, S.; Ault, T.R. 2014. The imprint of climate within
Northern Hemisphere trees. Quaternary Science Reviews.
89: 1-4.

Stahle, D.W.; Cleaveland, M.K. 1992. Reconstruction and analysis
of spring rainfall over the southeastern U.S. for the past 1,000
years. Bulletin of the American Meteorological Society. 73:
1947-1961.

Stahle, D.W.; Cleaveland, M.K.; Hehr, J. 1988. North Carolina
climate changes reconstructed from tree rings: AD 372 to 1985.
Science. 240: 1517-1519.

Stanosz, G.R.; Blodgett, J.T.; Smith, D.R.; Kruger, E.L. 2001.
Water stress and Sphaeropsis sapinea as a latent pathogen of red
pine seedlings. New Phytologists. 149: 531-538.

Starkey, D.; Oak, S.; Ryan, G. [and others]. 1988. Evaluation of oak
decline areas in the South. Protection Report R8 PR-17. Atlanta,
GA: U.S. Department of Agriculture, Forest Service, Southern
Region, State & Private Forestry, Forest Pest Management. 43 p.

Stocklin, J.; Baumler, E. 1996. Seed rain, seedling establishment
and clonal growth strategies on a glacier foreland. Journal of
Vegetation Science. 7: 45-56.

Stogsdili, W.R., Jr.; Wittwer, R.F.; Hennessey, T.C.; Dougherty,
P.M. 1992. Water use in thinned loblolly pine plantations. Forest
Ecology and Management. 50: 233-245.

Swanston, C.; Janowiak, M.; lverson, L. [and others]. 2011.
Ecosystem vulnerability assessment and synthesis: a report from
the Climate Change Response Framework Project in northern
Wisconsin. Gen. Tech. Rep. NRS-82. Newtown Square, PA: U.S.
Department of Agriculture, Forest Service, Northern Research
Station. 142 p.

Swetnam, T.W.; Betancourt, J.L. 1998. Mesoscale disturbance and
ecological response to decadal climatic variability in the American
Southwest. Journal of Climate. 11: 3128-3147.

Swinfield, T.; Lewis, O.T.; Bagchi, R.; Freckleton, R.P. 2012.
Consequences of changing rainfall for fungal pathogen-induced
mortality in tropical tree seedlings. Ecology and Evolution.
2:1408-1413.

Tardiff, J.C.; Conciatori, F.; Nantel, P.; Gagnon, D. 2006. Radial
growth and climate responses of white oak (Quercus alba) and
northern red oak (Quercus rubra) at the northern distribution limit
of white oak in Quebec. Canadian Journal of Biogeography. 33(9):
1657-1669.

Taylor, M.; Haase, D.L.; Rose, R.L. 2009. Fall planting and tree
shelters for reforestation in the East Washington Cascades.
Western Journal of Applied Forestry. 24: 173-179.

Thomas, Z.; Waring, K.M. 2015. Enhancing resiliency and restoring
ecological attributes in second-growth ponderosa pine stands in
northern New Mexico, U.S.A. Forest Science. 60: 13-085. 12 p.
doi: 10.5849/forsci.13-085. [Published online: May 8, 2014].

Thuiller, W.; Lavorel, S.; Araujo, M.B. [and others]. 2005. Climate
change threats to plant diversity in Europe. Proceedings of the
National Academy of Sciences. 102: 8245-8250.

Trottier-Picard, A.; Thiffault, E.; DesRochers, A. [and others].
2014. Amounts of logging residues affect planting microsites:
a manipulative study across northern forest ecosystems. Forest
Ecology and Management. 312: 203-215.

Twidwell, D.; Wonkka, C.L.; Taylor, C.A., Jr. [and others]. 2014.
Drought-induced woody plant mortality in an encroached semi-arid
savanna depends on topoedaphic factors and land management.
Applied Vegetation Science. 17(1): 42-52. doi: 10.1111/avsc.12044.
[Published online: April 20, 2013].

Uriarte, M.; Canham, C.D.; Thompson, J.; Zimmerman, J. K.
2009. Understanding natural disturbance and human land use as
determinants of tree community dynamics in a subtropical wet
forest: results from a forest simulator. Ecological Monographs.
79: 423-443.

van Mantgem, P.J.; Stephenson, N.L. 2007. Apparent climatically-
induced increase of tree mortality rates in a temperate forest.
Ecology Letters. 10: 909-916.

van Mantgem, P.J.; Stephenson, N.L.; Byrne, J.C. [and others].
2009. Widespread increase of tree mortality rates in the Western
United States. Proceedings of the National Academy of Science.
323:521-524.

Vanderwel, M.C.; Lyutsarev, V.S.; Purves, D.W. 2013. Climate-
related variation in mortality and recruitment determine regional
forest-type distributions. Global Ecology and Biogeography.
22:1192-1203.

Voelker, S.; Muzika, R.; Guyette, R. 2008. Individual tree and stand
level influences on the growth, vigor, and decline of red oaks
(Quercus rubra) in the Ozarks. Forest Science. 54: 8-20.

Wackerman, A.E. 1929. Why prairies in Arkansas and Louisiana?
Journal of Forestry. 27(6): 726-734.

Wagner, R.G.; Robinson, A.P. 2006. Critical period of interspecific
competition for four northern conifers: 10-year growth response
and associated vegetation dynamics. Canadian Journal of Forest
Research. 36: 2474-2485.

Wagner, R.G.; Colombo, S.J., eds. 2001. Regnerating the Canadian
Forest: principles and practices for Ontario. Markham, ON:
Fitzhenry and Whiteside Limited. 650 p.

Wang G.G.; Chhin, S.; Bauerle, W.L. 2006. Effect of natural
atmospheric CO, fertilization suggested by open-grown white
spruce in a dry environment. Global Change Biology. 12: 601-610.

Weed, A.S.; Ayres, M.P.; Hicke, J.A. 2013. Consequences of
climate change for biotic disturbances in North American forests.
Ecological Monographs. 83: 441-470.

Wehner, M.; Easterling, D.R.; Lawrimore, J.H. [and others]. 2011.
Projections of future drought in the continental United States and
Mexico. Journal of Hydrometeorology. 12(6): 1359-1377.

Westerling, A.L.; Hidalgo, H.G.; Cayan, D.R.; Swetnam, T.W.
2006. Warming and earlier spring increase western U.S. forest
wildfire activity. Science. 313: 940-943.

Westerling, A.L.; Turner, M.G.; Smithwick, E.A.H. [and others].
2011. Continued warming could transform Greater Yellowstone
fire regimes by mid-21st century. Proceedings of the National
Academy of Sciences. 108: 13,165-13,170.



CHAPTER 4

Wiens, J.A.; Stralberg, D.; Jongsomjit, D. [and others]. 2009.
Niches, models, and climate change: assessing the assumptions
and uncertainties. Proceedings of the National Academy of
Sciences. 106: 19,729-19,736.

Will, R.; Hennessey, T.; Lynch, T. [and others]. 2010. Effects
of planting density and seed source on loblolly pine stands in
southeastern Oklahoma. Forest Science. 56(5): 437-443.

Williams, A.P.; Allen, C.D.; Macalady, A.K. [and others]. 2013.
Temperature as a potent driver of regional forest drought stress
and tree mortality. Nature Climate Change. 3: 292-297.

Williams, A.P.; Michaelsen, J.; Leavitt, S.W.; Still, C.J. 2010.
Using tree rings to predict the response of tree growth to climate
change in the Continental United States during the Twenty-First
Century. Earth Interactions. 14: 1-20.

Williams, J.W.; Blois, J.L.; Shuman, B.N. 2011. Extrinsic and
intrinsic forcing of abrupt ecological change: case studies from the
late Quaternary. Journal of Ecology. 99: 664-677.

Williams, M.1.; Dumroese, R.K. 2013. Preparing for climate
change: forestry and assisted migration. Journal of Forestry.
111(4): 287-297.

Woodall, CW.; Zhu, K.; Westfall, J.A. [and others]. 2013a.
Assessing the stability of tree ranges and influence of disturbance
in Eastern U.S. forests. Forest Ecology and Management.
291:172-180.

Woodall, C.; Oswalt, C.M.; Westfall, J.A. [and others]. 2009. An
indicator of tree migration in forests of the Eastern United States.
Forest Ecology and Management. 257: 1434-1444.

Woodall, C.W.; Domke, G.M.; Riley, K. [and others]. 2013b. A
framework for assessing global change risks to forest carbon
stocks. PLOS One. 8(9): €73222. 8 p. doi: 10.1371/journal.
pone.0073222. [Published online: September 10, 2013].

Worrall, J.J.; Rehfeldt, G.E.; Hamann, A. [and others]. 2013.
Recent declines of Populus tremuloides in North America linked to
climate. Forest Ecology and Management. 299: 35-51.

Wyckoff, P.H.; Clark, J.S. 2002. The relationship between growth
and mortality for seven co-occurring tree species in the southern
Appalachian Mountains. Journal of Ecology. 90: 604-615.

Yaussy, D.A.; lverson, L.R.; Matthews, S.N. 2013. Competition
and climate affects U.S. hardwood-forest tree mortality. Forest
Science. 59: 416-430.

Yeh, H.Y.; Wensel, L.C. 2000. The relationship between tree
diameter growth and climate for coniferous species in northern
California. Canadian Journal of Forest Research. 30: 1463-1471.

Zahner, R. 1958. Hardwood understory depletes soil water in pine
stands. Forest Science. 4(3): 178-184.

Zahner, R. 1968. Water deficits and the growth of trees. In:
Kozlowski, T.T. Water deficits and plant growth, volume Il: plant
water consumption and response. New York: Academic Press:
191-254.

Zausen, G.L.; Kolb, T.E.; Bailey, J.D.; Wagner, M.R. 2005. Long-
term impacts of stand management on ponderosa pine physiology
and bark beetle abundance in northern Arizona: a replicated
landscape study. Forest Ecology and Management. 218: 291-305.

Zhang, J.; Webster, J.; Powers, R.F.; Mills, J. 2008. Reforestation
after the Fountain Fire in northern California: an untold success
story. Journal of Forestry. 106(8): 425-430.

Zhu, K.; Woodall, C.W.; Clark, J.S. 2012. Failure to migrate: lack
of tree range expansion in response to climate change. Global
Change Biology. 18: 1042-1052.

Zhu, K.; Woodall, C.W.; Ghosh, S. [and others]. 2014. Dual
impacts of climate change: forest migration and turnover through
life history. Global Change Biology. 20: 251-264.

Zimmermann, N.E.; Yoccoz, N.G.; Edwards, T.C. [and others].
2009. Climatic extremes improve predictions of spatial patterns of
tree species. Proceedings of the National Academy of Sciences.
106: 19,723-19,728.



