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Abstract

Severe droughts can impart long-lasting legacies on forest ecosystems through lagged effects that
hinder tree recovery and suppress whole-forest carbon uptake. However, the local climatic and
edaphic factors that interact to affect drought legacies in temperate forests remain unknown.
Here, we pair a dataset of 143 tree ring chronologies across the mesic forests of the eastern US
with historical climate and local soil properties. We found legacy effects to be widespread, the
magnitude of which increased markedly in diffuse porous species, sites with deep water tables,
and in response to late-season droughts (August—September). Using an ensemble of downscaled
climate projections, we additionally show that our sites are projected to drastically increase in
water deficit and drought frequency by the end of the century, potentially increasing the size of
legacy effects by up to 65% and acting as a significant process shaping forest composition, carbon

uptake and mortality.
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INTRODUCTION

Forests play a crucial role in regulating global carbon (C)
and water fluxes (Bonan 2008), yet forest responses to
drought remain one of the largest uncertainties in the C cycle
(Reichstein et al. 2013). As the biosphere undergoes an inten-
sification of the hydrological cycle, with increasing frequency
and severity of drought events (Giorgi et al. 2011; Dai 2013;
Cook et al. 2015), there exists the potential for water stress to
markedly reduce the substantial C storage, timber production
and other ecosystem services that forests provide (Bonan
2008; Reichstein et al. 2013; Vose et al. 2016). In addition to
impacting C assimilation and growth during drought condi-
tions, the physiological changes trees undergo during water
stress can also hinder recovery. Such ‘drought legacy effects’
(hereafter, ‘legacy effects’) occur in all terrestrial ecosystems
on earth (Schwalm er al. 2017), and can be consequential for
global C cycling given their predominance in forests (Ander-
egg et al. 2015; Peltier et al. 2016; Gazol et al. 2017). As
such, there is a need to better characterise the factors that
modulate the magnitude of legacy effects as a first step
towards developing predictive models of their impacts at
local, regional and global scales (Anderegg et al. 2015; Ber-
danier & Clark 2016).

The impacts of drought on tree growth responses have been
most studied in arid ecosystems. However, recent investiga-
tions of more mesic forests have highlighted their susceptibil-
ity to current and future water stress (Allen et al. 2010;
Pederson et al. 2014; Martin-Benito & Pederson 2015; Millar
& Stephenson 2015). In the temperate zone, mesic forests

provide crucial ecosystem services, sequestering more C than
arid systems and partially offsetting the effects of anthro-
pogenic C emissions on atmospheric CO, concentrations (Pan
et al. 2011; Xiao et al. 2011). These forests are diverse, vary-
ing significantly in species composition, site climate and
edaphic factors — all processes that are likely to influence a
tree’s response to, and recovery from, drought. Indeed, local
site characteristics such as soil texture and water table depth
are known to play a role in determining drought responses
(Phillips et al. 2016), underscoring the value of site-specific
factors to assist in explaining variation in tree drought sensi-
tivities (D’Orangeville et al. 2018). However, most previous
investigations of legacy effects have been global in scale and
span vast climate gradients (Anderegg et al. 2015; Schwalm
et al. 2017; Wu et al. 2017), precluding any inference about
the local factors that shape a species’ legacy effect within bio-
diverse forests that are more mesic in climate.

In this study, we sought to characterise the ability of
temperate forests to recover from water stress, uncover the
factors that modulate the size of legacy effects, and to pro-
ject the implications of this phenomenon in a warm and
water stressed future. To do so, we amassed a dataset of
143 detrended tree ring chronologies across the midwestern
and eastern US that spans 94 sites, includes 17 common
tree species, and contains 15 476 growth rings. These site
chronologies were paired with high resolution gridded cli-
mate data, estimates of various soil characteristics, and
future climate projections for our sites in an attempt to
understand the potential for climatic shifts to alter the fre-
quency and severity of legacy effects by the end of the
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century. Specifically, we asked: (a) how large are legacy
effects in eastern temperate forests and how long do they
last, (b) what site factors (i.e. climatic and edaphic) influ-
ence drought responses and legacy effects, and (c) how
might future climatic change impact the size of legacy
effects across the eastern US? By investigating these ques-
tions, we hoped to gain an understanding of the local-scale
factors that control variation in legacy effect size and assist
in predicting when and where drought impacts on tree
recovery will be largest in response to future droughts.

METHODS
Study area

Our study area spanned the mesic temperate forests of the
midwestern and eastern US, encompassing 31°-55° N and
—92° to —70° W (Fig. S1). Site climate was generally mesic,
with mean total June-August precipitation varying between
290 and 450 mm and mean June—August temperature between
15 and 27 °C. All sites were mature forests with chronology
lengths ranging from 85 to 226 years.

Tree ring data

A total of 143 chronologies were amassed across the study
area, representing 94 individual sites and spanning 17 com-
mon tree species in this region (Table S1). All sampled trees
were canopy dominant and selected to examine climate sensi-
tivity (i.e. no visible damage, full foliage, not located on irreg-
ular topography). At each site, at least eight trees of each
species were cored, processed, measured according to standard
dendrochronological methods (Stokes & Smiley 1999; Voor-
hess 2000), and visually crossdated (Yamaguchi 1991). Cross-
dating was statistically confirmed with COFECHA (Holmes
1983) and chronologies were detrended using a 2/3 series
length spline (Cook & Peters 1981). Site level chronologies
were then constructed via bi-weight average using the dplR
package in R (Bunn 2008). Standardized ring widths (SRW)
outside the range of 1901-2015 were excluded in order to
match the temporal coverage of our climate data. In order to
evaluate the statistical quality of our dataset, we calculated
the expressed population signal (EPS) of each chronology
(Wigley et al. 1984; see Table S1). Of our 143 chronologies,
only 12 had an EPS of < 0.8. Excluding these chronologies
did not qualitatively alter our results and were therefore
retained in our dataset to avoid overestimating the effects of
drought on tree ring widths. Furthermore, EPS is not meant
to reflect the suitability of an individual chronology (Buras
2017), and thus we chose not to apply an arbitrary EPS cutoff
to our dataset.

Climate data

Gridded 0.5° monthly precipitation (P), potential evaporation
(PET), vapour pressure deficit (VPD) and temperature (T)
data were obtained from the CRU TS 3.24.01 dataset (Harris
et al. 2014) for 1901-2015. Climatic water deficits (CWD)
were calculated as the difference between P and PET. We then
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calculated annual growing season CWD by summing monthly
June-August CWD. In order to analyse the effects of drought
timing, CWD sums were also calculated for individual months
of the growing season (May-September).

Soil data

Soil data — including sand/silt/clay content, bulk density, %
organic matter and water table depth — were obtained from
the SSURGO database using site coordinates (websoilsur-
vey.sc.usda.gov). Soil texture data represent weighted averages
over the first meter of soil depth. The SSURGO database
contains soil information collected at scales ranging from
1:12 000 to 1 : 63 360 by the National Cooperative Soil Sur-
vey. In the cases where multiple soil types were observed
within the 1-ha square plot centred on our sites, a weighted
average for all data was computed given the relative propor-
tion of that entry in the database. It is important to note that
water table depth data in the SSURGO database is set to
200 cm when the water table is deeper than observed. Since
water table depth is not known with any certainty for these
values, these data were cut for our analysis (n = 54). Including
these values did not alter the statistical significance of any of
our models.

Drought and legacy effect calculations

‘Drought years’ were identified as a 1 standard deviation (SD)
anomaly in a given site’s mean June-August CWD (see sup-
plementary material for results using different drought year
cutoffs). Reductions in SRW due to drought (i.e. ‘drought
effects’) were calculated for each chronology as the difference
between average drought year SRW and average non-drought
year SRW. We then predicted what SRW should be (in the
absence of legacy effects) by creating a site-specific linear
model between CWD and SRW and applying that model in
the years following a drought year. Legacy effects were then
quantified as the average difference between SRW predicted
by our model and observed SRW (see supplementary meth-
ods, Fig. S4, and Fig. S5 for alternate legacy effect calcula-
tions and drought year criteria). Our results were not
significantly different when considering only chronologies
where SRW was strongly related to climate (see supplemen-
tary material).

Climate, drought effect, and legacy effect projections

Daily projections of P and PET were obtained for 1950-2099
from the output of 18 General Circulation Models included in
the Coupled Model Intercomparison Project — Phase 5 at each
of our sites (Taylor ez al. 2012). Downscaled model output
(4 km? grid cell size) was obtained from the Multivariate
Adaptive Constructed Analogs data warehouse (Abatzoglou
& Brown 2012, climate.northwestknowledge.net/maca) with
the RCP8.5 emissions scenario forcing. PET was calculated
from daily model ensemble means using the Penman-Monteith
method driven with minimum/maximum temperature, mini-
mum/maximum relative humidity, precipitation, downward
solar radiation and wind speed. Downscaled, daily time series
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Figure 1 Panel (a) represents standardised ring width (SRW) reductions averaged across all sites during drought years and 1-2 years post-drought. Drought
effects (#(140) = 145.6, P < 0.001) and 1 year legacy effects (#(140) = 9.47, P < 0.001) were significantly different from zero while 2 year legacy effects (¢
(140) = 1.62, P = 0.107) were not. Panel (b) represents legacy effects following droughts of 1-3 years in length. Legacy effects after multi-year droughts
were significantly different from zero across all sites (o = 0.05). Numbers at the base of the boxplot in panel (b) represent the number of site chronologies
that experienced a drought of that length (i.e. sample size). Asterisks indicate effects that are statistically larger than zero (o = 0.05).

data were then converted into CWD and summed for the
June-August time period to get annual values of growing sea-
son CWD. To quantify site-specific changes in climate, we cal-
culated raw shifts and % change in projected annual CWD
between the 2079-2099 and 1995-2015 time periods. We esti-
mated how legacy effects may change in the future using pro-
jected, site-specific CWD to calculate 1-SD drought year
criteria for the 2079-2099 and 1995-2015 time periods. These
new projected 1-SD cutoffs were then applied to our dataset
and legacy effects were calculated as above, albeit with the
new drought year cutoffs.

Statistical analysis

The statistical significance of drought effects and legacy effects
across species and years was assessed using one-sample and
two-sample Welch’s r-tests, as appropriate. The changes in
drought effects and legacy effects due to wood anatomy and
drought timing were assessed via one-sample Welch’s #-tests
and aNova with Tukey’s HSD for pairwise comparisons. Rela-
tionships between drought effects, legacy effects, site climate,
and soil characteristics were assessed using linear models. Lin-
ear mixed models were also used to investigate the factors
that influence legacy effects while controlling for species-speci-
fic responses. Only one soil texture variable (% sand) was
included as a predictor in this model as soil textures are
highly collinear and including additional soil texture variables
did not improve the model fit. Linear mixed models were cre-
ated with the lme4 R package (Bates et al. 2015), significance

of model predictors was determined through Wald tests, and
marginal and conditional > were calculated via the method of
Nakagawa & Schielzeth (2013), implemented with the MuMIn
R package (Kamil 2016).

RESULTS

We found that legacy effects in mesic midwestern and east-
ern US forests typically last for 1 year (Fig. la; ¢
(140) = 9.47, P < 0.001) and reduce SRW by ¢. 5%, which is
c. 40% of the reduction in SRW experienced by trees during
a drought. However, multi-year droughts (sequential 1-SD
dry anomalies) markedly increased the size of legacy effects,
such that legacy effects after a 3 year drought reduced wood
growth by 19%, thereby exceeding the drought effects that
occurred in response to a 1 year drought (Fig. 1b). Legacy
effects were significantly positively related to ring width
reduction during drought (Fig. S2, r*=0.26, P < 0.001),
indicating large drought effects usually were followed by
large legacy effects. We observed a weak but significant rela-
tionship between mean site CWD and legacy effect size
(Fig. S3b, r*=0.03, P =0.037). Drought effects, however,
were more strongly related to mean site CWD (Fig. S3a,
r? =0.17, P <0.001).

The magnitude of legacy effects across sites was largely con-
trolled by tree species identity and edaphic factors. Species
varied greatly in their observed legacy effects, with post-
drought reductions in tree ring width of over 16% in Betula
lenta, while Pinus palustris showed negative legacy effects
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Figure 2 Legacy effect size across all 17 species. Species codes are defined in Table S2. Inset represents legacy effect sizes across various wood anatomies.
All species’ legacy effects were significantly different from zero (where n > 1, o = 0.05). Diffuse porous species had larger legacy effects than all other wood
anatomies, while all other wood anatomy categories were statistically indistinguishable. All species’ legacy effects were significantly greater than zero (where
n > 1) except for Pinus rigida and Pinus palustris. Asterisks in panel (b) indicate legacy effects that are statistically larger than zero (o = 0.05).

(larger observed than predicted post-drought SRW, Table S2).
All species’ legacy effects were significantly larger than zero,
with the exception of Pinus rigida and Pinus palustris. Addi-
tionally, Fagus grandifolia, Fraxinus americana and Juniperus
virginiana were only represented once in our dataset, preclud-
ing any comparative analysis of their legacy effects. Among
tree species, much of the variation related to interspecific dif-
ferences in wood anatomy (Fig. 2). Diffuse porous species
had the largest legacy effects (13%), whereas non-porous spe-
cies (i.e. conifers) exhibited legacy effects that were not signifi-
cantly different from =zero. Among the edaphic and
hydrological factors, water table depth was a primary determi-
nant of legacy effects (Fig. 3h, > = 0.18, P = 0.002). Notably,
factors that controlled drought effects (such as soil texture;
Fig. 3a—c) were less important in controlling legacy effects
(Fig. 3e—g). We constructed a linear mixed model to predict
the size of legacy effects, with mean site CWD, % sand and
water table depth included as predictors and both species and
site as random effects (marginal > = 0.10, conditional
r? =0.58, P < 0.001 for all predictors except mean site CWD,
which was non-significant). The marginal +* is associated with
fixed effects only and the conditional > incorporates random
effects (Nakagawa & Schielzeth 2013). Our model indicates
that while most of the variation in legacy effects can be
explained by interspecific differences, soil texture and site
hydrology also play a role irrespective of species- and site-spe-
cific factors.

In addition to tree species identity and edaphic factors,
drought timing was a key factor regulating the size of both
drought effects and legacy effects, as current year SRW reduc-
tions were largest when a drought occurred the months of May,
June, or July (Fig. 4). Conversely, August drought produced
the largest legacy effects in the year after the drought (Fig. 4).
Drought effects and legacy effects were significantly larger than
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0 (o0=0.05) in response to all drought timings, except for
September drought effects (2(142) = 0.41, P = 0.684).

In order to understand the potential importance of legacy
effects in the face of climate shifts, we projected future CWD
for our sites using a suite of 18 general circulation models
downscaled to a grid cell size of 4 km”. Mean ensemble June—
August CWD across all sites is expected to decrease from the
1995-2015 average of —159 mm to —268 mm by the 2079-
2099 time period (Figs 5 and 6), increasing the frequency of
years below —223.9 mm CWD (the 1-SD drought year cutoff
for the 1995-2015 baseline) from 16% to 71%. By pairing the
historical climate responses derived from our tree ring dataset
with site-specific, future 1-SD climate anomaly projections, we
estimate that future dry anomalies could give rise to increases
in legacy effects of up to 65% across our midwestern and
eastern US sites (Fig. 5, Fig. 6).

DISCUSSION

Understanding the legacies of extreme events is one of the
fundamental challenges for predictive biology (Frank ez al.
2015), and is necessary for quantifying ecosystem feedbacks to
global change. To date, most of what is known about legacy
effects comes from arid regions, and the strong climatic con-
trol on legacy effects in that region has resulted in a prevailing
notion that legacy effects in mesic regions are less consequen-
tial. Our results counter this narrative by providing evidence
that large legacy effects are widespread across forests of the
midwestern and eastern US. Moreover, our results show that
the magnitude of legacy effects in mesic forests may be pre-
dictable based on species- and site-specific factors. While pre-
vious investigations have shown that the size of legacy effects
can increase with site aridity across biomes (Anderegg et al.
2015; Schwalm et al. 2017), our results suggest that climate
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Figure 3 Relationships between soil texture variables and drought effect size (a, b and c), water table depth and drought effect size (d), soil texture
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Figure 4 Effect of drought timing on drought effects and legacy effects.
Each monthly time point represents the mean drought effect and legacy
effect for a 1-SD CWD anomaly drought event in each month across all
sites. All drought effects and legacy effects across all time bins were
significantly larger than 0 (o = 0.05), except for September drought effects
(1(142) = 0.41, P = 0.684). Error bars represent + standard error.

may play a minor role within temperate forests. Rather, tree
species identity, edaphic characteristics and drought timing
were the primary determinants of the size of legacy effects.
Collectively, these results should improve our capacity to pre-
dict ecosystem sensitivity to drought (both during and after
the event) across a region that is expected to experience
increasing water stress in the coming decades (Dai 2013).

Of the four factors that influenced legacy effects (species
identity, soil texture, water table depth and drought timing),
tree species’ wood anatomy controlled the most variation.
These results add to current evidence indicating that diffuse
porous species are more susceptible to water stress than spe-
cies with different wood anatomy (Elliott ez al. 2015). Our
results also indicate that species that are more affected by the
drought (i.e. have larger drought effects) face an additional
stress in that they may also take longer to recover. This was
true for nearly all species, as shown by the positive relation-
ship between drought effects and legacy effects across all sites
(Fig. S3). The link between wood anatomy and legacy effects
may be mediated by the phenology of wood formation, as the
majority of ring porous species’ hydraulic transport occurs in
the large, current year, earlywood vessels, while diffuse porous
species transport water through the last few years of new
xylem (Zimmerman 1983). Therefore, in the year following
drought, ring porous species can recover by developing new
xylem, while diffuse porous species either have to repair
drought-induced hydraulic damage or experience growth decli-
nes due to losses in hydraulic conductivity. Legacy effects are
likely controlled by a number of interactions between a spe-
cies’ physiology and its environment, necessitating further
work into the species-specific and wood anatomical factors
that give rise to lags in drought recovery.

Edaphic factors were also important for understanding the
effects of drought on tree ring width. In particular, trees
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Figure 5 Projections of growing season CWD for all sites by the end of
the century. The main graph represents a smoothed frequency distribution
of ensemble mean June—August CWD for each site in the current (1995—
2015) and future (2079-2099) time periods. The vertical blue line
represents a 1-SD anomaly (our criterion for a drought year) for the
1995-2015 baseline period, while the red vertical line represents a
1-SD anomaly for the 2079-2099 period. The inset graph shows legacy
effect magnitude when using current (1995-2015) and future (2079-2099)
1-SD climate anomalies as our drought year criterion. Altering the
drought year cutoff to 2079-2099 projections resulted in a reduced
number of our sites that have experienced a drought year of that
magnitude, therefore reducing sample size (n = 84).

growing on sites with higher clay and silt content were more
affected by drought (Fig. 3a—c), likely due to the low water
potentials these soils can reach during drought and the limited
ability of roots to extract water from soils with low water
potential (Jackson et al. 2000; Sperry et al. 2016). Likewise,
legacy effects were similarly related to soil texture. This rela-
tionship likely did not arise due to any « priori mechanism
and instead emerged due to the relationships between drought
effects and soil texture, and the positive relationship between
drought effects and legacy effects. Therefore, any factor that
causes ring width reductions during drought could potentially
spillove and suppress wood growth in the year after drought.
Previous work has documented the role of site climate and
soil texture in controlling drought effects on ring width
(D’Orangeville et al. 2018). Here, we find that legacy effects
were less affected by these factors, and instead were larger at
sites with a deep water table. Legacy effects have been
hypothesised to arise from lagged physiological consequences
of water stress such as C depletion, bud damage or other
losses of leaf area, persistent hydraulic damage, or pest/patho-
gen infection (Hacke ef al. 2001; Bréda er al. 2006; van der
Molen et al. 2011; Anderegg et al. 2013). While our data do
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Figure 6 Maps of legacy effect magnitude (a) and the raw change in
projected mean site CWD between 2079-2099 and 1995-2015 (b) across all
sites.

not resolve this debate, our observation of a positive relation-
ship between drought effects and legacy effects supports the
role of drought-induced physiological damage in delaying tree
recovery. Moreover, our data indicate that water table deple-
tion may induce ‘hydrological legacy effects’. Given the preva-
lence of relatively deep water tables (e.g. > 150 cm) across
much of the US (Fan et al. 2013), the large percentage of a
tree’s C that is stored in wood (Pan ef al. 2011), and the
amount of C stored annually in US forests (Xiao et al. 2011),
the ecological ramifications of legacy effects may be conse-
quential for regional climate. Nevertheless, future work inves-
tigating the interactions between soil texture, water table
fluctuations, rooting depth and drought responses is clearly
needed (Phillips e al. 2016; Fan et al. 2017; Wu et al. 2017,
Johnson et al. 2018).

The effects of drought on forests depend not just on species
and site factors, but on how the timing of drought overlaps with
tree phenology (Cufar er al. 2008; D’Orangeville ez al. 2018).
We found that drought timing had contrasting impacts on
drought effects and legacy effects, as early season droughts pri-
marily reduced current year ring width while late season
droughts reduced the next year’s ring width (Fig. 4). This obser-
vation is intuitive as an early season drought affects trees at
their peak of biomass accumulation (Cufar et al. 2008; Duch-
esne et al. 2012; Delpierre et al. 2016; D’Orangeville et al.
2018), creating large drought effects apparent in ring width. In
contrast, late season droughts likely do not give trees adequate
time to recover lost foliage, rebuild C stores, or repair embolism
before senescence, affecting their ability to leaf out and grow in
the following spring (Bréda et al. 2006). Lagged effects of cli-
matological extremes on tree ring width that are dependent on
seasonal timing could have important implications for the fields
of dendroecology and dendroclimatology.

Given the role that drought severity and length play in pro-
ducing large legacy effects, shifts towards drier and more fre-
quent drought events are likely to be an important factor
governing forest functioning in the future. In order to project
the effects of future climate on drought and legacy effects, we
took advantage of the fact that, while legacy effects were only
weakly related to mean site aridity, they were still strongly
controlled by the severity of climate anomalies within a given
site. By pairing our observed legacy effects with end of cen-
tury climate projections for all of our sites, we have shown
that legacy effects have the potential to increase markedly in
the coming decades. While these coarse predictions do not
account for the demographic processes, range shifts and mor-
tality that play a large role in determining whole-forest
responses to water stress (Clark et al. 2016), they do indicate
a decreasing ability to tolerate and recover from drought in
many temperate species as forests dry.

Our approach — using tree rings to study the lagged conse-
quences of drought — has many strengths but also some
caveats. This study relied on dendrochronological, climatic
and edaphic observations to investigate factors that modulate
legacy effect size across the eastern US. As such, critical
insights as to the physiological underpinnings of legacy effects
could not be determined, nor does our study account for
interacting stressors (e.g. co-occurring pest or pathogen
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damage of drought-stressed trees). However, previous experi-
mental studies on the physiology of legacy effects, while valu-
able mechanistically, omit the edaphic and climatic factors
that we have shown to be important to a tree’s drought recov-
ery. Thus, a key research priority is to pair forest-based
drought experiments (e.g. passive rain-out shelters or roofs)
with dendrochronological measurements. The pairing of
experiments with observations should greatly improve our
understanding of the importance of legacy effects in mesic for-
ests. Furthermore, since only living trees were cored our data
do not allow investigation of perhaps the most significant
legacy of drought, mortality. However, recent studies indicate
that trees that experience the largest reductions in post-
drought growth are also more prone to mortality (Berdanier
& Clark 2016). Thus, the legacy effects we observed are likely
conservative estimates for the total impact of drought on for-
est recovery in that they do not consider the fact that some
percentage of trees may die.

This work represents a previously unrecognised aspect of the
susceptibility of temperate forests to legacy effects and presents
novel evidence that drought timing, soil characteristics and spe-
cies traits such as wood anatomy are crucial factors controlling
variation in drought responses and recovery processes. Linking
local hydrological factors such as rooting depth and water table
depth to demographic processes such as mortality (Chitra-
Tarak et al. 2017) could provide context for the importance of
legacy effects in broader scale forest C cycling. In the face of a
drier climate, legacy effects are likely to increase in importance
as a driver of forest function by suppressing wood biomass
accumulation, reducing tree vitality over time (Camarero et al.
2018), and increasing the likelihood of mortality (Berdanier &
Clark 2016) — thereby reducing forest C uptake in the short
term (Anderegg et al. 2016) and impacting the species composi-
tion shifts that are already underway in eastern US forests
(Clark et al. 2016; Fei et al. 2017; Zhang et al. 2018). If more
frequent and severe legacy effects accumulate to impact plant
function, future climate changes are likely to spur trees from
these regions to adapt, shift ranges, or die.
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