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Abstract

Aim: Climate and disturbance alter forest dynamics, from individual trees to biomes
and from years to millennia, leaving legacies that vary with local, meso- and macro-
scales. Motivated by recent insights in temperate forests, we argue that temporal
and spatial extents equivalent to that of the underlying drivers are necessary to char-
acterize forest dynamics across scales. We focus specifically on characterizing mes-
oscale forest dynamics because they bridge fine-scale (local) processes and the
continental scale (macrosystems) in ways that are highly relevant for climate change
science and ecosystem management. We revisit ecological concepts related to spatial
and temporal scales and discuss approaches to gain a better understanding of cli-
mate-forest dynamics across scales.

Location: Eastern USA.

Time period: Last century to present.

Major taxa studied: Temperate broadleaf forests.

Methods: We review regional literature of past tree mortality studies associated with
climate to identify mesoscale climate-driven disturbance events. Using a dynamic
vegetation model, we then simulate how these forests respond to a typical climate-
driven disturbance.

Results: By identifying compound disturbance events from both a literature review
and simulation modelling, we find that synchronous patterns of drought-driven mor-
tality at mesoscales have been overlooked within these forests.

Main conclusions: As ecologists, land managers and policy-makers consider the in-
tertwined drivers of climate and disturbance, a focus on spatio-temporal scales
equivalent to those of the drivers will provide insight into long-term forest change,
such as drought impacts. Spatially extensive studies should also have a long temporal
scale to provide insight into pathways for forest change, evaluate predictions from
dynamic forest models and inform development of global vegetation models. We
recommend integrating data collected from spatially well-replicated networks (e.g.,
archaeological, historical or palaeoecological data), consisting of centuries-long, high-
resolution records, with models to characterize better the mesoscale response of

forests to climate change in the past and in the future.
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1 | INTRODUCTION

Quantifying the impact of large, infrequent disturbances across
broad spatial and temporal scales represents a major challenge in
forest ecology (Asner, 2013). As discrete events, disturbances dis-
rupt the structure and composition of populations or ecosystems
and induce changes in their resource or physical conditions (Pickett
& White, 1985). Disturbances leading to tree mortality can impact
forests for centuries (Foster, Knight, & Franklin, 1998), but less is
known about their frequencies and potential synchronization of for-
est dynamics across scales (Lertzman & Fall, 1998). These interac-
tions can manifest over larger scales in ways that make prediction
difficult (Dale, Joyce, McNulty, & Neilson, 2000). When large, infre-
quent disturbances do occur, they can surprise both forest research-
ers and managers (Turner, 2010), in part because of the absence of
long-term datasets capable of recording past events (Lindenmayer,
Likens, Krebs, & Hobbs, 2010).

To address these uncertainties, we begin this review by highlight-
ing progress in studying ecosystems across scales and the challenges
that remain. We then focus on the forests of the eastern USA over
the last century to investigate whether climate-driven disturbances
might synchronize these forests at large scales. Although drought in
this region is typically characterized as infrequent, random and oc-
curring only at local scales (Hanson & Weltzin, 2000), we review the
possibility of a drought-driven, mesoscale disturbance regime using
past literature and model simulations of climate-driven forest mor-
tality. We conclude by affirming the advantages gained from field
and modelling investigations conducted at scales equivalent to the
underlying disturbance regime (Wu & Li, 2006).

In the temperate, broadleaf forests of the eastern USA, gap dy-
namics are acommon, fine-scale driver of disturbance (Runkle, 1982).
These isolated, asynchronous canopy mortality events can approach
a steady state over large scales (Bormann & Likens, 1979; Shugart,
1984). Yet, overlooked in this theory are independent observations
made since the early 1900s that many eastern U.S. old-growth for-
ests experienced a pronounced period of tree recruitment dating
to the late 1600s (Foster, 1988; Gates & Nichols, 1930; Guyette &
Spetich, 2003; Haasis, 1923; Henry & Swan, 1974; Hough & Forbes,
1943; Huntington, 1914; Rentch, 2003). In a synthesis that com-
bined these observations and long-term tree-ring data, Pederson
et al., (2014) showed that this synchronous recruitment over c. 1.4
million km? in the 1660s and synchronous tree mortality in the late
1770s covering c. 61,000 km? resulted from climate-driven distur-
bance. Less severe disturbances, those ranked 10th-20th in terms
of the percentage of trees recording disturbance during an event,
had estimated return intervals of 35-75years (Pederson et al.,
2014: fig. A11). These results inform our hypothesis that mesoscale,

climate-associated disturbance affect temperate mesic forests, such
as those in the eastern USA, through compound events where two
or more disturbance drivers occur concurrently and cause greater
environmental impact than might be expected because of their rar-
ity (Zscheischler et al., 2018).

This hypothesis builds from the recognition by Wiens (1989) that
temporal and spatial scales should be matched appropriately to dis-
cern pattern from process in forest dynamics. For example, ecosys-
tem processes vary in a linked manner such that processes over larger
areas typically have slower rates (Bléschl & Sivapalan, 1995; O'Neill,
1989; Urban, 2006; Wu, 2013), implying that patterns over larger
areas require a longer period of observation to elucidate underly-
ing processes. Evaluating regional or continental forest dynamics for
only short time periods (years to decades) increases the likelihood of
pseudopredictions (Wiens, 1989) or projections of forest dynamics
that are seemingly robust at shorter, smaller scales but are likely to
miss the longer temporal characteristics of the underlying drivers.
Thus, pseudopredictions do not facilitate the prediction of ecolog-
ical surprises. Many ecological studies still sample at temporal and
spatial scales that are smaller than the underlying processes (Estes et
al., 2018), and management of forested landscapes based on short-
term observations may result in unanticipated consequences (Millar
& Stephenson, 2015). This is especially important in forests where
complex interactions between climate, disturbance and ecosystem
resilience may cause plant communities to persist in areas where cli-
mate has become unsuitable for regeneration over time frames of
years to decades (Dullinger et al., 2012; Hobbs, Valentine, Standish,
& Jackson, 2017).

These ideas are particularly important at the mesoscale, which
is the spatial scale in between forest stands and biomes and the
temporal scale in between forest succession and shifts in species
ranges. Research at this scale is needed because forests extend
across continents and are composed of long-lived tree species, ne-
cessitating an assessment of their dynamics from local interactions
within canopy gaps to macroscale interactions delimiting continental
distributions. Mesoscale dynamics are centred within the most rele-
vant scales for analysis of the response, adaptation to and mitigation
against rapid climate change and related human activities affecting
forests (Figure 1). Although Delcourt, Delcourt, and Webb (1982)
defined the mesoscale with discrete bounds, we adopt the concepts
of Roughgarden, Gaines, and Possingham (1988) and Holt (1993),
who described it more generally as the scale between community
processes at a local study site that can be manipulated through field
experimentation and those at larger, biogeographical scales com-
monly studied in earth sciences. These latter scales are represented
today by macrosystems ecology, which focuses on continental scales

(Heffernan et al., 2014). Mesoscale forest processes link local, gap
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FIGURE 1 (a) Representative environmental disturbance regimes (including climate) across spatial and temporal scales with (b) biotic

responses of forests. Disturbance events here include wildfire, wind damage, clear cut, flood and earthquake. The blue shaded area is

a region of high predictability (sensu Wiens, 1989, reprinted with permission), matching appropriate processes to disturbances at similar
scales. (c) Classification of vegetation with scale. Although landscapes may be viewed as scale independent, they are often viewed as a

scale larger than stands in practice and encompass scales at which ecosystem processes connect forest mosaics (Lertzman & Fall, 1998).

(d) Representative existing forest datasets by scale. Dashed lines divide conceptual scales from local to mega, including mesoscales (in red),
which bridge the responses of vegetation, from gaps and forest succession to species migration. ITRDB refers to the International Tree-Ring
Data Bank, and FIA refers to the U.S. Forest Service Forest Inventory and Analysis programme. Panels a-c were adapted from the original of
Delcourt et al. (1982 and are reprinted with permission). See also Prentice (1992) for a similar analysis to the one in panel d [Colour figure can

be viewed at wileyonlinelibrary.com]

dynamics to macroscale species distributions in a hierarchical man-
ner; an example of the triadic structure in scale-dependent systems
(O'Neill, 1989; Wu, 2013).

We suggest that conducting more research on the influence of
climate on disturbances over broad spatial scales and long time-
scales would reduce pseudopredictions and the potential for ecolog-
ical surprises. Although much forest research focuses on either time
or space, few studies incorporate both time and space at long tem-
poral scales and wide spatial scales with enough precision and detail
(e.g., Falk et al., 2011; Heinselman, 1973). Of these, fewer studies are
conducted in forest types where fire is not the dominant disturbance
regime (although see Williams, Shuman, Webb, Bartlein, & Leduc,
2004). For example, mesoscale disturbances in the western USA
were documented only through the development of centuries-long
and spatially extensive tree-ring networks. These networks revealed
predictable drivers of fire (La Nifia conditions often lead to meso-
scale fires; Swetnam & Betancourt, 1990) and enabled analysis on
the controls of fires, from tree to regional scales (Falk et al., 2011).
No similar network exists in the eastern USA or any other broad-
leaf-dominated temperate mesic forests. Building upon insights from
semi-arid regions, we explore the prevalence of mesoscale distur-
bances in mesic regions, where various types of disturbances inter-
act at multiple spatial and temporal scales.

Likewise, the representation of climate-driven disturbance is
insufficient in most ecosystem models. Process-based modelling

studies show that accounting for the interactions of disturbance

regimes with climate and land use can significantly affect the out-
come of simulated ecosystem responses (Poulter et al., 2010). The
development and benchmarking of mesoscale ecosystem model dy-
namics requires detailed observations across a range of processes
and geographical regions, which have been challenging to obtain.
Consequently, disturbance and biotic responses remain, in general,
inadequately represented as generalized background mortality rates
or, at worst, omitted in models used in many carbon cycle and cli-

mate change assessments (e.g., Anav et al., 2013).

2 | INSIGHTS FROM CHARACTERIZING
FOREST DYNAMICS AT LARGER SCALES

While setting forth a framework for characterizing ecosystems and
their dynamics at multiple scales, Tansley (1935) questioned whether
ecosystems that appear stable at one scale might be changing slowly
at another. Although Tansley's concept of the ecosystem was recog-
nized early (cf. Hutchings et al., 2012; O'Neill, 1989), it was not until
the latter half of the 20th century that ecologists began to embrace
the importance of scale in ecosystem dynamics (Rose et al., 2017).
Delcourt et al. (1982) synthesized a conceptual model of ecological
scale that included not only vegetation patterns by time and space
(Figure 1), but also how different disturbance regimes affect veg-
etation patterns at particular scales (see also Delcourt & Delcourt,

1988). This model remains relevant as ecologists continue to
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appreciate the importance of scale in ecosystem processes (McGill,
2010). Tansley's (1935) call to characterize ecosystems at multiple
scales has led to many insights from scaling forest dynamics over

larger areas, longer time frames or both simultaneously.

2.1 | Spatial scaling

Although global change affects forests at varying scales, we have
learned much from research investigations and data availability at the
plot level (Figure 1d). At the smallest spatial scales, for example, stud-
ies show that plants fundamentally decrease stomatal conductance
in response to the global increase in atmospheric CO, concentration;
however, only recently have studies begun to characterize how this
ecophysiological response affects water-use efficiency at larger scales
(Keenan et al., 2013; Norby & Zak, 2011). Free-air CO, enrichment
(FACE) experiments address several scales, that is, leaf to plot, and
provide opportunities for scaling spatial scales with plot diameters
extending up to tens of metres, recording responses over decades
(Ainsworth & Long, 2005). Yet, results from FACE and other forest
experiments have shown the difficulties in maintaining large experi-
ments over longer time-scales (Norby & Zak, 2011). For example, a
throughfall displacement experiment with 0.64 ha plots found little
impact of reduced precipitation on overstorey tree mortality from
1993 to 2000; however, this experiment occurred during an interval
without a severe drought, minimizing its insight for extrapolating the
impacts of drought at larger scales (Huston, Todd, & Barlar, 2003).

Spatial scaling issues are also present when studying forest dy-
namics at the stand level. Tree-ring reconstructions at the stand level
reveal disturbance histories but preclude knowledge on whether
these events also affected forests regionally. Thus, these spatially
limited investigations of disturbance history are likely to support
an individualistic perspective on forest dynamics because of their
inability to detect larger-scale disturbance events. The few studies
that have investigated multiple stands simultaneously have generally
reinforced the individualistic stand development perspective (e.g.,
D'Amato & Orwig, 2008; Rentch, 2003), suggesting that local events
are one of the strongest drivers of forest dynamics. In contrast,
climatic sensitivity of tree-ring patterns collected at smaller scales
generally reflects the climatic sensitivity of trees at larger scales
(St. George & Ault, 2014). Furthermore, research conducted across
larger spatial scales has recently revealed different perspectives on
forest dynamics in systems typically characterized by small-scale dy-
namics (Jackson & Fahrig, 2015).

Existing studies and data nonetheless offer opportunities to ex-
amine forest dynamics at broader spatial scales. For example, the
United States Forest Inventory and Analysis programme, the North
American Forest Dynamics network and the Forest Global Earth
Observatory (ForestGEO) have the geographical extent to investi-
gate the impacts, distributions and drivers of disturbance that would
be difficult to obtain from a small array of plots (e.g., Vanderwel,
Coomes, & Purves, 2013). Recent studies using forest inventory data,
remotely sensed data, or both have found large-scale evidence for
synchronicity in disturbance (Senf & Seidl, 2017) or drought-induced

tree mortality (Hu, Wang, Bauerle, & Klos, 2017; Moore et al., 2016).
However, because these datasets typically extend only a few de-
cades, they are constrained by recent climatic change and are likely
to lack the occurrence of extreme events over the life span of trees
that could drive significant changes in a forest (although see Fei et
al., 2017). These studies are useful in expanding our perceptions on
the extensive spatial impacts of disturbance but might be limited
in their ability to represent mesoscale dynamics because of their

shorter temporal dimension.

2.2 | Temporal scaling

Long-term ecological studies (> 10 years in duration) have focused on
processes that influence forest dynamics through various networks
(Lindenmayer et al., 2012). Long-term ecological research networks
(e.g., Hobbie, Carpenter, Grimm, Gosz, & Seastedt, 2003) and the
global network of flux towers measuring carbon, water and energy
exchanges (Ershadi, McCabe, Evans, Chaney, & Wood, 2014) show
how mechanisms that drive processes can be investigated over longer
time-scales and across several sites. To capture ecosystem processes
further over space and time, the National Ecological Observatory
Network is composed of sites distributed across the USA (Keller,
Schimel, Hargrove, & Hoffman, 2008). This emerging network has
been funded for a unique, 30-year period, which will improve eco-
logical forecasting in response to a changing climate but might still
not capture mesoscale dynamics fully. The importance of long-dura-
tion data has spurred a call for a greater focus on temporal ecology
(Wolkovich, Cook, McLauchlan, & Davies, 2014), which requires ap-
proaches from both landscape ecology and palaeoecology to discern
how ecological systems respond across scales (Gillson, 2009).
Although also imperfect as proxy records, palaeoecological data
provide unique insight into current ecosystem conditions by directly
recording past events as ecological artefacts (Dey & Guyette, 2000;
Sousa, 1984). Covering seasons to years and decades to centuries,
networks of tree-ring records, such as those from the International
Tree-Ring Data Bank (ITRDB), offer the opportunity to investigate
tree, forest and climate interactions at multiple spatio-temporal scales.
Many, if not most, of these records were collected from canopy trees
to maximize the embedded climate signal by reducing the influence
of competition for light from neighbouring or overtopping trees. The
disturbance record from canopy trees fades forward in time as their
sensitivity to adjacent disturbances decreases in recent decades com-
pared with understorey trees (Nowacki & Abrams, 1997), and thus
their theoretical ability to reflect the full disturbance history is also
diminished. A test of this idea showed that an ITRDB collection found
much less disturbance in the same forest during the 20th century
compared with a collection that included smaller trees that were more
likely to be in the understorey (McEwan, Dyer, & Pederson, 2011).
Alternatively, the ability of tree-ring collections to record events
robustly in the distant past fades because of reduced sample repli-
cation going back in time (Bowman, 2007). The accuracy of existing
tree-ring networks as rich sources of data to study forest dynamics at
multiple temporal and spatial scales may be affected by their sampling
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designs. Although tree-ring records from old-growth forests may not
have been impacted recently by severe disturbance, they can provide
a needed archive of longer-term disturbance regimes that may not be
apparent currently in younger forests (e.g., Jackson, 2006).

At longer time-scales, Quaternary palynological studies reveal
synchronous changes in forest composition from regional to hemi-
spheric scales in response to climatic change (e.g., Gajewski, Viau,
Sawada, Atkinson, & Fines, 2006) and suggest that these dynam-
ics are detectable in modern forests if examined at the appropriate
scales of investigation. Both temperature and drought have been
identified as important drivers of forest composition during the
Holocene (e.g., Booth et al., 2012; Peteet, 2000; Shuman, Newby,
Huang, & Webb, 2004; Williams et al., 2004). Although they are
highly valuable in reconstructing long-term forest dynamics, paly-
nological data have limited ability to discern climate-forest dynam-
ics at highly resolved time-scales (e.g., annual to decadal) because
their resolutions are commonly in the range of centuries, but fine-
scale analyses are possible occasionally. To increase the resolution
and precision of vegetational changes, different techniques (Grimm,
Mabher Jr, & Nelson, 2009; Peteet et al., 1990) and approaches have
been implemented (Williams et al., 2004). For example, McLachlan,
Foster, and Menalled, (2000) used pollen, tree rings and archival re-
cords to investigate the development of Tsuga forests in central New
England after anthropogenic and natural disturbance. As a result of
the high mobility of pollen, palynological records from lacustrine en-
vironments also usually integrate over a large area, decreasing their
spatial resolution. Although this varies with topography and other
factors (Delcourt & Delcourt, 1988; Prentice, 1985), the fact that
these scales are themselves hard to quantify precisely adds addi-
tional uncertainty to reconstructions of past vegetation dynamics.
In some cases, the taxonomic resolution in palaeoecological recon-
structions may extend only to the genus level, although it can be

improved using plant macrofossils (Delcourt et al., 1982).

Macroecology

WILEY-2

2.3 | Recent studies linking large spatial and
temporal scales

and Biogeography

Although few mesoscale studies exist in mesic regions at high
temporal resolution, recent studies in these and other forested re-
gions have revealed unexpected phenomena. Gravel, Beaudet, and
Messier (2010) reported synchronous understorey dynamics across
southern Quebec since 1975 and postulated that it might have been
triggered by an extreme climate event. Using the largest reported dis-
turbance chronology in Europe (> 11,000 tree cores), Schurman et al.
(2018) found that decadal disturbance rates varied unexpectedly for
Picea abies forests and were likely to be driven by drought extremes.
At time-scales approaching a century, past disturbance events in
European forests have also led to either an increase (Schurman et
al., 2018) or a decrease in the susceptibility of a forest landscape
to subsequent disturbance (Thom, Rammer, Garstenauer, & Seidl,
2018). A fire-scar network in the western USA elucidated the first
link between Pacific Ocean sea surface temperature variability and
wildfire variation caused by drought (Swetnam & Betancourt, 1990).
Investigations at multiple scales across this network have since re-
vealed top-down (i.e., climate) and bottom-up (i.e., topography) con-
trols of fire dynamics (Falk et al., 2011). Likewise, reconstructions
of insect outbreaks in the western USA revealed evidence contrary
to the prevailing so-called stress hypothesis that drought triggered
insect outbreaks, showing instead that insect outbreaks were asso-
ciated with moist June conditions (Swetnam & Betancourt, 1998).

In eastern North America, recent research has shown that large-
scale drought does impact forest growth (D'Orangeville et al., 2018;
Martin-Benito & Pederson, 2015) and that past severe droughts have
led to synchronous, regional-scale forest disturbances (Figure 2)
(Pederson et al., 2014). This synchronous, extensive canopy dis-
turbance event was driven by a combination of extreme climatic

(compound) events. First, the drought preceding the period with the
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FIGURE 2 Rate and synchrony of inferred canopy disturbance at the mesoscale and extending into the macroscale. (a) Time series of the
percentage of trees recording disturbance (thick, black line) across 21 forests in the south-eastern USA. Blue shading represents 1 SD from
the mean, whereas grey represents 2 SD. Shading covers only 1680-1880 owing to presumed increases in uncertainty with the fading record
issue discussed in the text. (b) Evidence of synchrony across the 21 forests. The annual mean number of sites recording a disturbance from
1680 to 1880 equalled 2.4 sites (SD = 2.0). The mean number of sites recording disturbance during years with elevated rates of disturbance
was 4.1 sites, with a range of 2.9-10. Orange and red vertical lines indicate years when the number of sites recorded disturbance > 1 SD
above the 1680-1880 mean. Adapted from Pederson et al. (2014) [Colour figure can be viewed at wileyonlinelibrary.com]
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greatest mortality, beginning in 1775, was partly driven by Pacific
Ocean circulation, which is not typically considered a common or
consistent driver of moisture in the south-eastern USA (Barlow,
Nigam, & Berbery, 2001). Second, tree core samples recorded a se-
vere frost event in May 1774 that historical documents confirm as
occurring over c. 219,000 km? (Pederson et al., 2014). These investi-
gations revealed rare, but important, ecological dynamics in forested
ecosystems that were apparent only because equivalent large scales

of time and space were used.

3 | AREVIEW OF DOCUMENTED FOREST
MORTALITY PROBABLY DRIVEN BY
CLIMATE OVER THE PAST CENTURY

To quantify the frequency of mesoscale dynamics in this region, we
reviewed published observations by scientists of increased canopy
tree mortality in the eastern USA over the last 100 years, in which
drought was reported to be one of the several potential mortality
agents, and identified 22 such episodes (Table 1). Other mortality
agents included insect attack, insect defoliation, frost and fungal
disease. Most of these observations were made at the stand or land-
scape scale, and one-third are found in technical non-peer-reviewed
reports. Determining the drivers of tree mortality is challenging
(Haavik, Billings, Guldin, & Stephen, 2015). For example, one study
minimized drought as a potential factor of tree mortality because
the effects of drought were observed to be “roughly equal to those
caused by moderate defoliation” and mortality was inconsistent re-
gionally (Nichols, 1968). Given that multiple drivers can be associ-
ated with mortality, inconsistent mortality rates across space are not
unexpected. The impact of each driver can differ with each event
depending on local forest conditions, an uneven or nonlinear spatial
intensity of those drivers, or interactions with other factors that vary
over space, time or order of impact (see Manion, 1981). For exam-
ple, insects were observed or noted as factors contributing to tree
mortality in seven cases. However, stand inventory (Berdanier &
Clark, 2016), dendroecological (Parshall, 1995) and palaeoecological
(Booth et al., 2012) studies have reported increased tree mortality
during drought. Notwithstanding the difficulties in assigning causa-
tion, we use these 22 mortality observations to re-evaluate a hy-
pothesis by Balch (1927), who posited that climate (through drought
and late frost) initiated tree mortality in the Southern Appalachians
in the early 20th century, weakening the resistance of trees to path-
ogens. We focus on this hypothesis because it demonstrates how
the broader class of climate-driven, compound events may impact
mesic forests.

To test whether drought was a significant contributor across
all mortality events, we examined, at the location of each event,
departures from two climate indices independent of the original
mortality observations, using climate records from PRISM Climate
Group (2016): mean summer precipitation (June, July, August; JJA)
and August standardized precipitation-evapotranspiration index
(SPEI) for the same 3-month time-scale (notated as SPEI3). SPEl is a

multiscalar drought index that includes the effect of temperature and
precipitation and is commonly used to assess the response of forests
to climatic variability (Norman, Koch, & Hargrove, 2016). These cli-
mate indices show that summer precipitation did, in fact, decrease
below 2 1 SE of the 120-year mean starting 5 years before the ob-
served mortality (Figure 3a). Beginning 2 years before the observed
mortality event, mean summer precipitation was > 2 SE below the
120-year mean. SPEI3 also reveals this same relationship between
drought and mortality (data not shown). Our departure analysis also
identified four distinct episodes of increased mortality clustered in
space and time between 1930 and 1988 (Figure 3b). Together, our
synthesis detects mesoscale drought as a frequent contributor to
tree mortality in mesic forests across observers, forest types, time
and space, with an average decrease of 26% of summer precipitation
departure in the year preceding each event. This finding is particu-
larly relevant because anthropogenic climate change is expected to
lead to greater tree mortality from hotter droughts (Allen, Breshears,
& McDowell, 2015).

These climate-driven disturbances may greatly influence forest
carbon dynamics. Of the studies reporting mortality rates, spe-
cies-level mortality ranged from 5 to 78%, with 10-20% being the
most common percentage reported. Likewise, seven reports noted
a loss in basal area of 7-25.3%. In examining reviews on the impact
of disturbances on carbon dynamics of eastern U.S. broadleaf for-
ests, there appear to be no examples of the impact of drought as a
causal agent in carbon loss (Goetz et al., 2012; Kasischke et al., 2013;
Vanderwel et al., 2013). However, many forests in this region are
maturing after agricultural abandonment and changes in land use.
As they mature, dominant trees increase in size and, potentially, in-
crease in their vulnerability to drought (Bennett, McDowell, Allen, &
Anderson-Teixeira, 2015; Kauppi et al., 2015). Thus, there is a need
to quantify the impact of extreme climatic events on carbon dynam-
ics in the eastern USA, particularly given that eastern U.S. forests
have been sequestering 0.89 MG C/ha/yr (Liu, Loveland, & Kurtz,
2004). Our synthesis suggests the possibility of a substantial decline
in carbon sequestration with drought, not only from the mortality
of trees, but also with a decline in growth as observed within the
south-eastern USA (Clark et al., 2016).

Our analysis of drought-induced mortality events certainly
cannot identify all potential climatic drivers; some studies often
point to extreme events decades before tree mortality as import-
ant factors in tree death (e.g. Berdanier & Clark, 2016; Haavik,
Stahle, & Stephen, 2011; Pedersen, 1998). In addition to drought
as a climatic agent of mortality, frost and foliage damage also
coincided with observed tree mortality, which provides further
support to our main hypothesis that extreme climatic events can
synchronize disturbance in forests where canopy mortality is fre-
quent, but asynchronous at small scales (Balch, 1927). Given that
the 20th century was unusually wet across the eastern USA, our
understanding of the synchrony of forest mortality from late 20th
century studies is likely to be limited, because prior centuries ex-
perienced more frequent and intense droughts across this region
(Pederson et al., 2015). Although the eastern USA is projected to



3
WILEY—2

A Journal of
Macroecology

Global Ecology
and Biogeography

DRUCKENBROD ET AL.

(sanunuo))

¥G6T ul painynd
SJapeAu] A1epuodas

{£G6T ul Juade Ajljeiow
e Se 9JUSPIAS OU punoy
1Nq ‘}|im 3eo Joj pajdwes

asned

e Se $]1295Ul JO 92USPIAD

ON "3Yy8noJp GZ4T 2y}

03 uonippe ul GZ4T AeiN
/C PUB 97 UO S1S0.J 919A3S

S[10s mojleys

Juasaud (‘dds snuolid)

$9]3193q pauloy-3uo| pue

(su3p2N1Iq S|1BY) 1310q

1NUISSYD paul|-OM] ‘D3jjawW

DLD|[IWY ‘93€1|0) MU
Yonw paj|ix{ 35044 £Z6T |1dy

uolI3aJ S1y} ul paAISSqo

19A J0U sem (panpsvapd

pli32auoydAiD) 1ysiq

1NU3ISaYD :2JON "1S04J 01 3S0|

SOABD| JO S3}95 OM] ‘a3ewep

15044 "saseas|p |esuny

J3Y30 pue pajjaw pLID|[IWIY

si030ey

9G61

Jaqualdas pue 64T Isn3ny

ul SASAINS YIM ‘SuedA ¢ ipauljop
j0u sjo|d Jo azis ¢ sy0|d uno4,

(FE6T PUB OELT ‘626T Ul
suoleAlasqo Ajljersow-1y3noup)
sieah aAly {(ey g "2) s1o|d ey 0

ua) pue ey z'0 60T SASAINS

(9Z6T 40 Jsawwns

9Y3 J9A0 PIAISSYO) UOSESS dWes

;W 006 ) VA ‘A3uno) puelg
ulyam smojjoy pue sAsjle[A],

(626T 412qwa1das pue /Z6T
Jaquwiaydag ul uiede uayj pue
GZ6T 1oqwaidag pue 3sndny Ul
PaAI9SqO 35.1)) SIeA {7 (ST 6T
Ul UOI1e)S 3S9.10J |eIudWIIDAXD
33 JO eaJe) ey OOt 40 ASAING

(s2243

3ulAp Jo 140dau e ud34e JISIA

9|3uls e Ajuo) A|gissod ‘Ueah e
UIY3}IM JO UOSEaS dWes ey 9T '3

(s4eaA :,un| Jo ey) uonenp

SuiINQLIUOd I3YIQ PUE JUSIXS |e10} YHM Suoje ‘utess

|esodwa} pue |eijeds pajewiys3y

(LTT2)Ts6t

(62°T ‘2) 6261

(06'T T) ST6T

(cr1 ) cesr

(ov'1 22161

(ueaw mojaq gs
‘uoljeanp)
ainyiedap

€13dS Jesh1saig

(8561
(%¥'6 ‘1) SS6T ‘a1 9 UOAIL) AM
(%6'8T ‘T) TS6T €561 %eo 39|41ed>S  (0'08- ‘€'8€ ‘Ajuno) sejuoyedod S
Ajjeraow (p1joJipupi8 snp)
4299 UedLIBWY pUe (SISUappubd (16T ‘saqdo4
(9%9°0T ‘9) 6261 0€6T 2 p8Ns]) 3o0|way uisyses Adoued €6/~ ‘S’ Ty 3 YSnOoH) vd ‘eisauoi 14
s)eo
(%02 ‘€) SZ6T 9)Iym Aj3sow ‘syeQ ‘eade |eseq Jo
ZW 60£'8£Z pawinsaid : >0 ajym
(%51 1) ST6T Peap JO 193y UOI||IW 331y} Aja1eW (9Z61 ‘e2g)
(%VT ‘T) LT6T 9Z61  -Ixoidde paulejuod yoiym = oenje,  T'I8- ‘TLE VA ‘Ajuno) puelg €
saAed| Jo Suippays Aj4es 4o
93e1|0J padnpal
Yum saldads Auew :[(pighi snaiand)
3e0 paJt WIayjiou pue (buiinjan
sn2JanQ) »eo xae|q ‘(pau12202
snajanQ) 3eo 1a4eas] dnoud (TE6T ‘siseeH 3
(%9°L1 ‘9) TT6T GT6T eo paiay) Suowe Ajljeliow 3saysiH  £'¢8- ‘G'SE YSInH) DN 23D jusg 4
(%£2)
59943 dnou3 eo paJ pue a}ym pue
(%19) (p3D3UaP DaUDISDD) INUISIYD (PT6T
(%0°¥C L) LO6T €T6T  UBDLIDWY !S93J) [BI0} 206 PaUIWIEXT  €'G/-‘9'Zy  “BU0T) AN ‘Ulliag MaN T
(o8esane mojoq  Ajljeriow pajdayje saads (,) apnisuo| (924n0s) ‘ou juand
% ‘uoljeanp)  paAIasqo ‘opnine] uoneso] Ajjerion

ainjiedap jo Jeak 3sai4
uoneydidaid
VIr Jo Jeah 3sii4

JUSAS Ajlje3iow yoes 3uipadaud

sJeaA 2y} Ul JYSN0Jp JO }X23U0D 3Y3} PUE SI0}DB) PAIBIDOSSE ‘SIEDA Ul UOIJRINP J1DY]} ‘ST 4T dDUIS EDIIDWY YIION UIDISED U] SJUSAS A}[EIIOW PIIBAD|D PAAISSO Jo Alewwns T 314dVL



DRUCKENBROD ET AL.

(sanujuo))

«8L6T Ul

1y3noup Jolew e 3uimo||oy

$99.3 JO Jaquinu e Jo yiesp

UM £/-G/6T 0 sieak

AJap ay3 Sulinp pauayeam

A|)1] 249M $2313,,

{,2Ul23ap ay) 03 pajnglIuod

aAeY pnod yaiym swsjqoud

95e9sIp 40 129sul Juediudis
ou, ‘€961 Ul Alenigad pjoD

Apnis sy Jo uonuajul
9Y3 Jou sem Ajijejiow
J0 sjuade Sujujwialag

s|los mojjeys

‘eale ul uoneljoyap a3a|d

-W02-183U ‘(bLID|I} SIUUDIT

pue pILUIAA DILIDI|DJ)

m,. s12doo| pue SwIom Jasued
i

S|10S MO||eys

{paJnynd 13uny ouadoyjed
OU H{E0 INUISAYD YUM
9|BIS SnuJW WNIUDI2|0IAISY

W.W ‘AM UI3S0J3 T96T “vd Ul

2 w._ £S6T ‘9S6T Ul3soly Surids

i 2 9]e| peaidsapim ‘syoejje

.mu sn3vaul|iq snjl8Yy 101 3004

RS ‘uoijeljogap (pindindiwas
DX0]0JAB1Y) 19]|0J Jes| yeQ

>

] si030e)

-

2

564

JO SHE2.qIN0 94T PUE 2961

(e66T) 18

12 e2D01g W4 ‘086T Adeniga4

Ul pa323]]0d sSull 9343 Wo.y

9A1322ds04324 {pauljapun sazis

eale ‘ palISIAal a1am d113sIg

J28uey yeAepn ay3 Jo eale
pleg yeAepA aYj Ul seale oMy,

(786T) 193uleL Wwoly ‘0861
AJenuga4 ul pa3da]|0d s3ull 9343
woJj 9A1129ds0419y ‘pauljapun
$97IS eaJe ‘ Seale unoj Jo yoes
y3nouay3 30asued) Sulispueaw e,

(786T) 12WI0T] WL ‘SASIAINS
U3aM33( [BAIDIUI JBDA-G {|e10)
ey z0' 4o s1o|d Jusuewad om|

(786T) 1oWII0] WL ‘SAIAINS
U99M]3( [BAIIUI JEIA-QT 03 -1
‘sjo|d Jusuewuad ey z'0 om|

(8961) plojA7 pue

Sluley| Wouj ‘L96T-996T Ul AN
uJayinos JO suolled0| palalleds
ul Ajljeaow Jo aAI3eIuUSaIdal
se /96T Jawwns Aes,

ul paAanuns jo|d ey 0°0 2UO

(896T) SIOY2IN

WOl (996T-€56T) SIedh €T
J9A0 SUOIIBAISS]O [BnUUE W)
008 < JO eale ue Jano ey 0009
-Z1 Jo seale Ajljejiow ui
pappagquis seaJe UoileAlasqo O/
40 yoea uoy s3o|d eY 800 GT-€
(G96T) As|e1s wouy (T96T-956T)
s1edh 9 pue (GG4T pue $G4T Ul
SU0I1eJ0| OM]) SIeaA 7 ‘pauljap

j0u syold jo azis ‘,s10(d €2,

(s4e94 1 w>| Jo ey) uonjenp
Su1INquIu0d JaY3}Q pue Jua1Xa [e101 YuM Suoje ‘uiess
|esodwa) pue |enjeds pajewiysy

(£9'0°T) SL6T

(#8°0 ‘9) T96T

(60°T ‘9) 1961

(29°09) 2961
(TS°0‘T) £S6T
(€€'T ‘¥) TS6T

(ueaw molaq gs
‘uoneuanp)
ainjiedap

€13dS 1eak 3sai4

(%E°TT ‘S) vL6T 6L61
(%S°LT 9) T96T 9961 2
(%9°ST ‘9) T96T 9961
(%S¢ ‘S) 96T 96T
(%8°ST ‘T) LS6T 8S6T
(%T¥T V) TS6T 56T
(98esane mojaq  Ajjeriow
% ‘uolleanp)  paAlasqo

ainjedap jo JeaA 3siiq
uoneydaid
VI J0 Jeak 314

Ajljeriow

3e0 paJ uiayiou paydadsun  9°€8- ‘7'GE

S9SNSUD OM] U9aM]a( Ajljeriow Jo
S9ed patuaju| ‘(sisuajuby8a|(p bjnjag)
4241q MO||9A pue (paua| bjnjag) ya4iq
199MS ‘(p1qp|8 bAipD) A1oxd1y Inuid

‘(puboliaWb snuIxp.i4) yse aym

3uowe Ajljeriow Jo sojed 1saysiH 22/ ‘ST

pajou sqnuys ul doapjes| Ajies pue
32BQSIP UMOID Heo 19[4eds All[e1iow
2UO0 1Nq ||e ‘eaJe |eseq %07 4O $95SO|
pue Ajljeriow AAeay pey palpnis

BY #0°0 40 %ET ‘%L'6 0} GE Woly

pasealdap Xeo 19|eds jo eale [esegd  O'v/- ‘v'T AN ‘159404 %20y doe|g

vd

3sea-ypiou ul (Y 0T x T) S3I0€ 0T x
Z "2 J9A0 paAIasqQ  JeaA usAid e ul
eaJe J1un e Ul $3eo ayj Jo (3uadJ4ad Qg
0} 0Z AjJuowwod) a1ow 1o juadiad G
w|qo.d Ajlje1uo|A 9[eds Jo aduasaid
ul Ajljeriow pasusiadxa (bupjuow
snaJanQ) eo nulsay) ‘Ajljeiow
1sow SudualIadxs eo oe|q usyy

pue >eo 39]4e3s yim ‘dnol3 yeo pay

pa3oayje sanads (,) spn3iSuo|

(#7861

“le 313 Jajule] (£66T

“|e 32 ed201g) DN
‘SUIejuUNOIA eleyejueN QT pue 4

(86T 1awili0T)
VA 159404 pieAleH 8

(7861 “4owioT :894T
‘pI0JAT 3 Slutey)

g pue /
(5967 9

‘A3[BIS ‘896T ‘SIOYDIN)
Vd 3ses-yploN 9
pue |eJjuad-ylioN 9
(224n0s) -ou juan’

uoned’o] Ajjeriop

(penunuod) T 374VL



WILEY->2

A Journal of

Macoscology

Global Ecology
and Biogeography

DRUCKENBROD ET AL.

(sanunuo))

Apnis siy3 jo uoipuajul
9y J0U sem Alljeriow
Jo sjuade 3uluiwlialag

sado|s

3uldej-1sam pue -yinos

uo pue sauoz 3uljool

Pa32143S3J Ul UOWIWOD

2J0w Ajl|e3iow Xeo 13)4eds

‘pajou s3souy Sunds Ajues
pue saunjesadwsa) swaJ1x3

eaJle Apnis ay3 3noysnoayy
U3s 0S|[e D3||aW DLD][IWIY

e||92AW 10 uo13d94ul
Jo udis oN "s3eo 3ujuldap
10 peap ||e uo pajou
$9143]|e8 4240q paul|-om]
'sadojs ouax Jaddn

0] pIW UO J3IAe3Y AlI[e1ION

10308} Jayj0UE
9( 0} ples umopmolg
‘(p2213 DIBI|IY4) 1919W 033
Ja3uim-J|ey sy pue (pLpi[
siuuping) Jadooj uapul
‘(b3DUIAA DILI2D3|DH) WIOM
-Jued 3ulids :084T pue

6/61 Ul s329sul uijeljojaQ

s10joej
Sunnquaauod 1aYy10

7661 03 6L61
woJj sieah g AIans paAanins-au

sjo|d jJusuewJad 3sa.10)
ey g'Tzeulsioldey Q6T

T661 PUB 66T
Ul pa329]|0d SSul 9343 WOy

9A13d3ds0.3a1 {,W 8Z /9 JO BaUE
ue 3u||ej0} ‘seale 152404 33y}
ssouoe ul sjo|d (2.42e %) ey T°0 ‘29

(8867

ul paAsAINS) JedA T ley £/°0

JO JU9)X3 |eaJ e Jo) Juede w TOZ
195 S129sued) ey 1800 SUIN

(£86T Ul Ajljeyious Joy

/86T ul pajeadal ASAuns |elise

{Z86T Ul pa31a|dwod ASAUNS plaly

€ pue JaMmo1 a4l e wodj ASAINS

|eliae G841 e wouy sydea3ojoyd

Ul 92U3J344Ip Y3 WOJ) umeup)
SI1eaA g usyl pue ¢ ‘ey €0¢

(286T 8ulids ul paAsAins)
1eaA T ‘(eaJe ey Q1) ,eale
Apnis ay1 Jo asinJd |eJauas e,

(s4eaA 1w Jo ey) uonyeanp
pue jua3)xa |e303} yym suoje ‘uiess
|esodwa) pue |eijeds pajewiysy

(8C°T ‘€) 9861

(921 7) €861

(€£'0'v) €861

(¥T'1 2) €861

(¢e'T ‘€) 9861

(ET'T‘€) 9861
(SS°T ‘) €861

(€0°T ‘) 0861

(ueaw mojaq gs
‘uonjeanp)
aJnjiedsp

€13dS 1eah 3s14

(%8°C€ ‘€) 9861

(%8°SE ‘) €861

(%90t ‘) €861

(%8'T¥ ) €861

(%9°7€ ‘€) 986T

(%¥'LT ‘€) 9861
(%1°8C ‘'T) €861

(%9°2€ ‘T) 086T

(98eaane mojaq
% ‘uoljeinp)

A3jije1aow Jo a3eu
ul 9seaJdul 9|qejou e pey pijoJipubis
snfb4 pue bupdLdWY biji] *,3Yy3noip
Sulnp 1ay31y sem A)eLION, ‘686T
pue 86T U99M1a] BY/SWa)S EEG 0}

817G WoJ) AJisuap pue ey/,w 162

£861 2 0} G4'CE WOJj eale [eseq ulauldad €78~ L'GE
G861 2 €06~ 69¢
G861 2 €06-69¢
3eo
G861 2 A28|q %9°CS PUB B0 19|18dS %E'8L  €T6- ‘€LE
S1eaA 99 = u3}je ‘suedh 97g
= Jold a3eu JaAouIN} ‘uoljew.oy ded
Ul 9sealdul %£6¢ € parewins3 (%T1)
AJoxa1y usyj pue (%TT) 3eo de|q
‘(%9T) paJ ulayriou Aq pamoj|o}
£86T 2 ‘sded e Jo %ty powlo) yeo I9|4edS  G'E8- ‘T'SE

%0T < A}|e3J0W Y}IM Spue)s sawos
B0 INUISAYD PUB }YM ‘S31I0ND1Y
Aq pamo||04 ‘(uowwod Jsow
30 >2e|q pue 39|1eds) dnous yeo pad
G86T 2 Ajluewnid ‘sajdads |BI9ASS JO AM|BIIOIN  Z°€8- ‘G'/E

286T 21049( S1BAA ,—¢ PaJinddo
aAeY 0} A}1|B1IO|N SIWIOJIPI0D DAIDD)
pue ppAo bAIDD) S19M paljdads
SSMOXIIH ,pP3Ip 9ABY HEQ saydul
/T< (pignJ "D) eo pal uisyliou pue
(pgIp snasan) 3eo apuym jo Juadiad
8T pue (dds pAip)) Aioxd1y ay3 Jo

T86T 1u9dJad 9z ‘poliad Jeah g ue Suung, 6'G8- ‘€°GE
A)jeyiow pa129yje saads (,) apnyusuo)
paAtasqo ‘apniijeq

a4njiedap Jo JeaA 3sai4

uonendidaid
V(r jo Jeak 3siiy

(€002
‘Jawled 3 oue|Q)

DN ‘310D 4B ST

(66T
‘ApJe|jed 3 supjuar)

OW ‘153104 AIs19A1UN T

(5661 ‘Apiejjed

3 suBjuaf) OIN ‘203sli4 1

(66T
‘Apae|led 9 supjuar)
O ‘352404 J33uold $T

(€661 “IB 312
uojul|D) DN ‘e3edaM0D) €T

(686T “|e 19 J23uLns)
A ‘15104 uosuiqoy A

(86T ©9D9N) NL
‘an0) »21@ Suidwny | 1T

(924n0s) ‘oujuans
uoneso] Ajjejiopn

(penunuod) T 374VL



DRUCKENBROD ET AL.

‘Xipuaddy ayj ul USAIZ S| $924N0S ejlep ay3 Jo

3SI| v "(V(f 104 ainjesadwa) pue uoijejididaid Suliapisuod “a°1) 3Isn8ny Ul pajewi}sa syjuow ¢ Joj xapui uojedidsuesjodens-uoijeyididaad pazipiepuels ayj 03 s19ja1 £]3dS "ISNSny pue Ajnf ‘sunr 03 suajaJ ([

(s2941 @34Y3) buldI2Nb
D[N2siqg pue (5943 XIS)
DaUD.I3}IPaW DIXNDIUB0ISIg
‘(s@a43 aulu) bsniqo
plIabYdsoAlj0g ‘S99 dWOS
wo.y pajejosi susdoyjed
3eam Jo di3siunpioddo
" Judy Ajies ui pjod
94935 AQ pamo||0) /00T Ul
PJ03J UO YdUB|A }SDUWIEM,
:£00¢ Ul 3s0.4 "Ajjjeriow
10J SUOI1eJ0| UOWW 0D
1sow sado|s 1sea-yinos
0] 3sea-yjJou Uadas)s
‘(493BM 03 U3S0|2) MO

s9a.}

uo sx2e33e 0g-1T pue O1-T

3y} U] SISSE|D UOIHPUOD

UMO.D pPeap pue aJaAds

/A|91e19pOW Ul S3deYIE
g0y ul asealou] 3sadien

1340q >eo paJ 3ulaq

S)oe11e 959Y3 Y1IM ¢ Syoejje

0T JaA0 pey atoe uad eale
|eseq Jo Juadiad G Jsow|e,

A Journal of

Macoscology

Soene

Ma3U aJow Jo T pey juadiad
G pue syoejje pjo ajow

J0 T pey aude uad eae |eseq
40 Juad4ad yG—saldads

>eo paJt uo Ajuo pajou
9J9M (M3U pue p|o yjoq)
syoele goy, ‘juasaid
(sningnJ sapojpydouz

Global Ecology
and Biogeography

:80Y) 4910 >jeo pay

WILEY

566

si030ey
SuiNQLIU0d I3YIQ PUE JUSIXS |e10} YHM Suoje ‘utess

Ajljejsow

3u119338143 sjuaAa |elpuajod

J91je sueadA Z-T ey 00L‘S

ulypm uisuas ajowald Aq
pasAjeue sjulod wopuel GEH'EG

(Tooc

Jaquiada pue JaqUISAON Ul

paAaAins-aJ pue 0QQZ J9IUIM Ul

paysi|iqelss sjo|d) JeaA T ey g¢
Jo eaJe ue ssouoe syo|d ey £°0 ‘vz

(cooz

0] 66T WOJJ SASAINS) SIESA 7

0} JeaA awes wouy 3uiduel

W} 8ZH'T 2 J0 ASAUNS |elISE

peo.q e pue (;w 8/t "2 19A0)

W 9t < Aq pajesedas sjo|d wsud

eaJe |eseq aAly uisn $3013SIp
931U} JOA0 SpUB)S UDIJUIASS

(s4eaA :,un| Jo ey) uonenp

|edsodwa} pue |eijeds pajewiys3

(p21pup|LIDW

sn2JanQ) 3eo Xoelyoe|q pue (bipj[21s
snaJanQ) eo-3sod Aq pajeuiwop
$3S9.10J Ul 800 JoWwwns aje|

ul BLIOYEQ [B4IUDD-1SED Ul $1S9.10)
3O J143X JO S348123Y JO SUS] |BIDASS
J9A0 PIAISSUO Sem Ajljerjow Adoued

‘qg 24n314 ul s|oqe| 3y} 01 puodsauiod pue A}i|e3iow PaAIDSqO JO Je3A 3S1) AQ paiaquunu aJe SJUSAT "3SO| $9aJ) Jo adejuadlad ayj se pajiodau S| sa109ds pajdajje JO Ajijel oW ‘Pajou 3SIMIBYIO SSajUN "aJ0N

(ST0C
“[e 32 uasxipuag)

(8%°0 ‘€) S00C  (%¥'T ‘T) 900C 800Z  [e30} Jeau paule|dxaun pue Uappns,  0'96- ‘9°'SE MO ‘BJIIPIIM 935 INUO 8T
Jusouad g-7
pue juadiad /-7 AJuO a19Mm sasealdul
$31239ds 49410 pue eo S}YM 3|Iym
jua249d Qg-/ paseatdul Ajljejiow
3eo paJ, ‘pouad ASAINS Z00Z-0002
AleAnoadsal ey Jad seauy
TG 03 ey Jad soau3 g wouy uiseasdul
‘pajgnop ueyy asow ey Jad s3eus yeo (00 ‘Yonads)
(99°0°S) 8661 (%¥°9€ ‘T) T00T TOOZ PaJulayyiou, Ing ‘palp saloads AuelN '€~ £'GE YV ‘SUlelunoln uojsog LT
(2UI|D3p 919A3S
0] 31eJ9pOoW YlIM Juad4ad TT pue (#00T “[€ 32 A>>yue35)
‘peap aJoe uad eale |eseq 3eo xoe|q SIW SRR SRz
(€9°0°T) 6661 (%E°8E ‘T) 6661 6661  puelalleds Jojuadiad 0g, ‘0002 A9 T'T6-'LLE Wwi9eS pue 1s0jod 9T
AleAnoadsal ‘quadiad / pue g (v00z
0] paJjedwod peap 4o }2eqalp 3I9A9S “1e 32 AYIEIS) 00T
0] 91eJ9powW YiIm asde Jad eale |eseq uLyy ‘spLasiq sesuey
J0 JuadJad gZ—sa199ds 1ay3o J0 SHeo olejjng pue
9)IYM uey) Blel]s [|e SSOJ4De Pa}dajje ‘noAeg ‘||IH juesea|d
A[919A3S 240W 919M SHEO pal ‘uleunolA uoisog
‘sdnougd saldads uledwo), '0007 {0002 Ul ¥V ‘1214381g
(89°0 T) 866T (%8°CT ‘T) 8661 6661 Ul pa109JJe A[219A9S JSOW 4BO Py 176~ ‘T°9€ 1a3uey ||IH jueses|d 91
(ueaw mojaq gs (98esane mojaq  Ajjeriow pajdayje saads (,) apnisuo| (924n0s) ‘oujuans
‘uoljeanp) % ‘uoneinp)  paAlasqo ‘apniije uoijes’o] Aujeron
ainyiedap ainjiedap Jo Jeak 3sai4
€13dS 1eaA1sa14 uoneydiaad
VI Jo Jeak 3saig
(penupuod) T 3719VL



DRUCKENBROD ET AL.

Global Ecology

and Biogeography

Macoscology

Adoural of Wl LEYM

(@
™
c
9
£ o
2
(3]
o
a
a —
IS
g
(] o P, PV /\
%)
Q9
© ~
g 1A
o)
c
<
o
.
T T 1
-15 -10 -5 0
Years before observed mortality event (Yr 0)
b
®) 1930 (0 to 6 years before event) 1958 (0 to 3 years before event)
50
-
45 v
-'* "
404
3
35
2
Precipitation
801 anomaly (%)
= 30
2. E
[0)
S 1968 (0 to 5 years before event) 1988 (0 to 3 years before event) 10
= 50 0
©
- -10
45 = = -20
B 5
401
354
30

25 T T T
-100 -90 -80 -70

-100 .90 -80 70

Longitude (°W)

FIGURE 3 (a) Fifteen years of summer precipitation departures before the year of observed elevated mortality. Precipitation from at

or near each observation was normalized to compare relative differences between regions. The blue line equals the mean departure of
precipitation during and before the year of observed mortality. Blue shading represents 1 SEM, and orange shading represents 2 SEM.

Each individual contributing series is shown in the background in light grey. References for each mortality event, descriptions of observed
mortality, and the duration, severity and intensity of moisture conditions before and during each mortality event are summarized in Table 1.
(b) Observations of elevated regional tree mortality events across eastern North America grouped by years of observed mortality. Numbers
show the location of the mortality event linked to the reference in Table 1 of the Appendix. Colour layer shows the relative deviation (as a
percentage) from cumulative annual precipitation for a number of years within the period before the mortality event (year 0) shown in each
panel (from O to between 3 and 6 years). Negative values (red shades) depict droughts, and blue shades depict wet periods [Colour figure can

be viewed at wileyonlinelibrary.com]


www.wileyonlinelibrary.com

DRUCKENBROD ET AL.

568
Global Ecology Aoumalof
W ILEY and Biogeography o d

become wetter, it is also likely to experience more consecutive dry
days in summer (Luce et al., 2016) that could increase the impacts
of drought, imparting long-term legacies on forests. Drought has
been shown to alter the rate of forest succession (Dovcak, Frelich,
& Reich, 2005) and create colonization windows that affect spe-
cies establishment (Bartha, Meiners, Pickett, & Cadenasso, 2003).
What emerges here is the considerable insight into forest dynam-
ics by scaling high-resolution ecological studies simultaneously

across larger spatial scales and longer time-scales.

4 | UNANSWERED QUESTIONS
CONCERNING THE MODELLING OF
MESOSCALE FOREST PROCESSES

Similar to observational and experimental studies, the scaling of pro-
cesses that influence forests is one of the most vexing challenges
in developing dynamic vegetation models (Bugmann & Solomon,
2000). At the mesoscale, forest dynamics involve the birth, growth
and death of trees, as drivers for either stand development or com-
positional change. Most individual- or cohort-based forest models
implement interacting submodules to simulate tree demography
through deterministic and stochastic processes (Moorcroft, Hurtt,
& Pacala, 2001; Shugart, 1984; Shugart et al., 2018). These submod-
ules are dynamically linked to simulate forest patch development
processes. However, patches at different successional stages are av-
eraged to simulate forest development at larger scales, which could
mask or lead to unlikely emergent phenomena. Averaging patches
presents a scaling issue that might be a shortfall in understanding
potential complexities in forested ecosystems (Bugmann & Solomon,
2000; Smith & Urban, 1988).

Individual-based forest models suggest that disturbances might
alter the distribution of biomass across a landscape to produce a
quasi-equilibrium mosaic; however, disturbances that create large
patches relative to the size of the landscape might also result in
unpredictable or non-equilibrium forest dynamics (Shugart, 1984).
These dynamics could involve hysteresis and other complex non-
linear behaviours in transitions to alternative states (e.g., Hirota,
Holmgren, Van Nes, & Scheffer, 2011). Simulations also show that
species composition is altered more rapidly when these models
include interactions between disturbance regimes and climate
(Overpeck, Rind, & Goldberg, 1990).

Toillustrate this interaction between patch stochasticity and me-
soscale disturbance, we also tested the hypothesis of Balch (1927) by
simulating potential natural forest vegetation for the north-eastern
USA (0.5° x 0.5° grid cells extending over 2.5 x 107 m?) using the dy-
namic vegetation model LPJ-GUESS (Smith, Prentice, & Sykes, 2001).
The model simulates stand (i.e., grid cell) structure with gap-sized
patches (1,000 m?) and vertical structure at the cohort-level within
a specified number of patches in each stand. At the patch level, sto-
chastic processes include establishment, background mortality and
a generic, patch-destroying disturbance with a return frequency of
100 years exclusive of climate factors. We ran three scenarios (1, 10

and 100 patches per stand) to examine whether climate can synchro-
nize mesoscale dynamics in forests normally regulated by stochastic
gap dynamics. Each scenario was initialized with a 1,000-year spin-
up using detrended climate drivers and pre-industrial CO,, followed
by a 114-year simulation driven by observed climate data (Harris,
Jones, Osborn, & Lister, 2014) and observed CO, concentrations
from Sitch et al. (2015) for the years 1901-2014. Beginning in the
year 2015, we imposed a 5-year extreme drought, with a 30% reduc-
tion in monthly precipitation relative to the 2005-2014 climatology,
with a subsequent frost defoliation event, in which trees lost 70% of
their leaves in 2020. The magnitude of this simulated drought and
frost approximates a typical severe drought as observed from our
review of tree-mortality literature along with a second predisposing
climate factor providing an example of an uncommon, but realistic,
climate-driven compound event in eastern U.S. forests.

The patch-level disturbance had a much larger impact on inter-
annual- to decadal-scale stand dynamics in the one patch per stand
simulation than the 10 or 100 patches per stand because of high sto-
chasticity in establishment and mortality. For the entire simulation
period, the one patch per stand simulation results in less stability
at the landscape scale, as seen by higher variability in biomass and
other variables (Figure 4). During the extreme drought scenario, sim-
ulated biomass does not vary substantially during the first 4 years
of drought, showing the resilience of these forests to drought alone
as a climate forcing. With the addition of frost as a subsequent cli-
mate forcing, a realistic severe drought does cause a large collapse
in biomass at the mesoscale regardless of the number of patches per
stand. Without this subsequent frost event, a reduction in precipi-
tation of 75%, much greater than that found in the literature review,
was necessary to reduce stand biomass across 1, 10 or 100 patches
per stand. Thus, our model results clearly illustrate how compound
climate extremes (Zscheischler et al., 2018) may synchronize small-
scale forest gap dynamics to converge across landscapes at the me-
soscale and support the hypothesis of Balch (1927).

Many scaling assumptions are also implemented in ecosystem
models that compromise real-world complexity for data limitations,
theoretical knowledge (or lack thereof) or computational constraints.
The current generation of dynamic global vegetation models (DGVMs)
simulates ecosystem dynamics across millennia and continental scales
by implementing “big-leaf” canopy photosynthesis routines and “mean
individual” to aggregate population dynamics for landscapes (e.g.,
Prentice et al., 2007). However, as we demonstrate, landscape hetero-
geneity is an important component of characterizing forest responses
to disturbance, and the big-leaf approach may lead to a misdiagnosis
of the sensitivity of ecosystems to climate extremes. An emerging
group of landscape simulation models incorporates multiple scales
and pulse disturbance regimes without reaching an equilibrium state
(e.g., Scheller et al., 2007), also recognized by DGVM models as a key
component for addressing the impacts of climate change. Mesoscale
investigations can provide relevant information to improve the scaling
assumptions in ecosystem models and evaluate model projections. For
example, because small disturbances are frequently observed over
short research periods, upscaling them over time may lead to incorrect
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conclusions on the drivers of forest development (Wiens, 1989), partic-
ularly if the system and processes are non-stationary (Wolkovich et al.,
2014). Different sizes and scales of disturbance would also impose dif-
ferent lags onto future disturbance and forest development. Likewise,
Anderegg et al. (2015) reported that the duration of drought legacies
simulated by models underestimated the duration estimated from tree-
ring data. Upscaling from the plot scale can result in large uncertainties
and have larger influences in nonlinear and somewhat chaotic systems
with large variances (Ruel & Ayres, 1999). Mesoscale studies of distur-
bances would bridge between micro- and macroecology and assist in

quantifying uncertainties associated with upscaling ecological data.

5 | CONCLUSION: OPPORTUNITIES
FOR REVEALING FOREST DYNAMICS AT
MESOSCALES

We have highlighted the potential for drought to affect forest dy-
namics at the mesoscale using observational data and simulations
from the past century, insights that were not evident at smaller
spatial and shorter temporal scales. These data show that large,
infrequent disturbances may synchronize gap dynamics in temper-
ate mesic forests at larger scales, a finding that was also recently
documented in European forests (Senf & Seidl, 2017). We believe
that even greater insight is possible from combining multi-century,
site-based studies across broad geographical regions with model-
ling to span spatial and temporal scales further. Relatively untapped
sources include historical documentary data (Mock, Mojzisek,
McWaters, Chenoweth, & Stahle, 2007), historical structures (de

wileyonlinelibrary.com]

Graauw, 2017; Trouet, Dominguez-Delmas, Pearson, Pederson,
& Rubino, 2017), archaeological data (Scharf, 2014; Trouet et al.,
2017), fine-scale pollen analysis (Fuller, Foster, McLachlan, & Drake,
1998) and the continued development of tree-ring networks (Babst,
Poulter, Bodesheim, Mahecha, & Frank, 2017; Pederson, Young,
Stan, Ariya, & Martin-Benito, 2017) along with simulation modelling
(Bond-Lamberty et al., 2015).

Although determining mesoscale forest dynamics and the scales
of their underlying drivers is not trivial, frameworks exist for attrib-
uting disturbance regimes to the resulting forest dynamics at various
scales. Where disturbance drivers have already been characterized,
researchers can infer connections from the disturbance event to
the forest response using the characteristics of those disturbance
regimes, including their frequency, rotation period, size and sever-
ity (Turner, 2010). For example, Vanderwel et al. (2013) used data
about specific disturbance regimes in a forest inventory database in
attributing regional tree mortality within the eastern USA. For envi-
ronments where the drivers are less known or not as obvious, Wiens
(1989) suggests an exploratory, multi-scale approach by system-
atically varying scales, grains and extents. Wimberly and Ohmann
(2004) provide an example of this approach by statistically identify-
ing disturbance processes that account for specific scales of forest
land-cover change. Our review is limited in that we can only identify
instances of drought-driven mortality post hoc from the literature,
potentially underestimating the impacts of drought in these forests;
nonetheless, these observations still enable the identification of me-
soscale mortality patterns linked to underlying climate disturbance
events using systematic drought data across the eastern USA over
the past century.
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Tansley (1935) postulated that vegetation might always be un-
dergoing a state of change. More than 80 years later, ecologists are
still appreciating the extent and complexity of these changes and
how they vary with scale. Nowhere is this challenge greater than at
the mesoscale, the nexus where local-scale field experiments and
macroscale ecological observations seldom intersect. New data at
these scales will inform modelling efforts on the likelihood of sim-
ulated phenomena. Characterizing these broad-scale dynamics will
be important as climate change and disturbance increase impacts on
ecosystems at regional to continental spatial scales (Heffernan et al.,
2014). Given that climate change has the potential to create distur-
bances with long-lasting consequences, we need to understand the
response of forests at these scales in order to adapt or mitigate their
consequences (Guerrero, McAllister, Corcoran, & Wilson, 2013) in a
manner that considers the linkages between spatial extent and tem-

poral duration in forest dynamics.
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