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ABSTRACT

Forest composition is changing, yet the consequences for terrestrial carbon cycling are unclear. In the eastern United States,
water-demanding “mesophytic” tree species are replacing “xerophytic” oaks (Quercus spp.) and hickories (Carya spp.), raising
concerns that forest productivity will become increasingly sensitive to more frequent and severe drought conditions predicted
for the region. However, we have a limited understanding of the extent to which the mortality risk of xerophytes versus meso-
phytes is coordinated with their growth sensitivity during drought. Here, we evaluated growth and mortality dynamics for 20
abundant eastern United States tree species following a severe drought in the summer of 2012. We synthesized data from ~4500
forest inventory plots and used an approach that quantified relative drought responses between co-located trees to minimize
impacts from environmental heterogeneity. We found that mesophytes were just as likely to perish as co-occurring xerophytes
but were more sensitive to drought in terms of diminished growth. These findings suggest that xerophytic decline is likely to
lead to reduced carbon uptake during drought and that management efforts to conserve oak-hickory stands will be decisive to
sustain the carbon mitigation potential of these forests. However, we also found that growth-mortality relationships differed
between functional groups. Among xerophytes, growth and survival during drought were decoupled. Among mesophytes, there
was a high degree of coordination, where species that experienced greater mortality also experienced greater growth reductions.
Therefore, mesophytes with high growth sensitivity to water deficits are likely to be the most vulnerable to drought-driven die-off
events moving forward.

1 | Introduction dominance when resources are abundant but are highly sen-

sitive to stress or quickly die when resources become scarce.

The trade-off between tree growth and mortality is a cen-
tral tenet of plant life history theory (Grubb 1977; Wright
et al. 2010). The trade-off emerges because tree species pos-
sess diverse functional traits that enable a continuum of re-
source acquisition strategies (Reich 2014). On one end, trees
with traits that facilitate rapid growth readily establish

On the other end, trees with slower growth strategies invest
in traits that limit the adverse consequences of resource
decline but are vulnerable to being outcompeted by faster-
growing neighbors when resources are non-limiting (Wright
et al. 2010; Adler et al. 2014). Where plants fall along this
spectrum is a strong determinant of terrestrial carbon balance
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and is directly related to the composition of species and traits
within sympatric forest communities (Anderegg et al. 2016;
Spinu et al. 2020; Trugman et al. 2020; Alexander et al. 2021).
To assess how forest productivity will respond to increased
hydroclimate variability in the future, it is important to un-
derstand how growth and mortality relationships evolve with
forest composition change.

One generalizable way to characterize forest composition
change is by focusing on the relative abundance of mesophytic
versus xerophytic species. Mesophytes are shade-tolerant
species which possess traits that help maximize carbon up-
take and establishment in water-rich environments but may
promote higher sensitivity to water deficits; in contrast, xero-
phytes are shade-intolerant species which possess traits that
maintain carbon uptake and survival in water-limited envi-
ronments but are less able to capitalize on periods of abundant
water supply (Valladares and Niinemets 2008; Lombardini
and Rossi 2019; Alexander et al. 2021). In some places, such
as the western United States, climate change has increased
the occurrence of drought events in ways that are favoring the
establishment and survival of xerophytic species (Allen and
Breshears 1998; Trugman et al. 2020). In other places, like
the eastern United States, forest management has driven on-
going increases in the relative abundance of mesophytes (Fei
et al. 2011; Alexander et al. 2021). The consequences of these
compositional shifts for forest productivity depend strongly on
the distinct characteristics of these two groups, and the extent
that their drought-tolerant niches will persist in a future de-
fined by more frequent and severe drought events (Augusto
et al. 2025).

It is logical to assume that mesophytes are particularly vulnera-
ble to extreme drought stress. Mesophytes establish dominance
in water-rich environments by overtopping their neighbors,
owing to their higher relative allocation to aboveground biomass
(Wright et al. 2010; Alexander et al. 2021). This higher invest-
ment in photosynthetic tissue enables mesophytes to grow faster
than xerophytes, but their subsequent reliance on shallow root-
ing profiles makes their productivity sensitive to transient water
deficits (Meinzer et al. 2013). Diminished productivity often pre-
cedes forest mortality (DeSoto et al. 2020) and prolonged declines
in carbon uptake can exhaust mesophyte's ability to accommo-
date their high canopy resource demands (Buckley et al. 2017;
Jump et al. 2017). However, it is possible that the same traits
which limit their fitness in xeric landscapes may make them less
likely to die during hotter and drier droughts. Recent work has
highlighted that mesophyte's tendency to down-regulate their
carbon uptake during drought may allow them to maintain a
greater window of safety from catastrophic xylem embolism
and desiccation (Gu et al. 2015; Kannenberg, Novick, et al. 2019;
Benson et al. 2022; Novick et al. 2022). Thus, how the unique
trait assemblages of mesophytes versus xerophytes integrate to
govern the relationship between growth and mortality during
severe drought events remains an open question.

Though forest composition change is occurring globally (Feeley
et al. 2011; Bhatta and Vetaas 2016; Spinu et al. 2020; Trugman
et al. 2020; Alexander et al. 2021) the eastern United States
represents an important case study to evaluate how drought-
driven growth and mortality dynamics differ among xerophytes

and mesophytes. Across the region, xerophytic oak-hickory
(Quercus-Carya spp.) type forests have disproportionately con-
tributed to key ecosystem services related to carbon uptake and
storage (Heath et al. 2002; Cavender-Bares 2016). Unfortunately,
these services are threatened by the ongoing decline of regional
oak-hickory abundance (Pierce et al. 2006; Fei et al. 2011; Novick
et al. 2022). Throughout the 20th century, changing conditions
have favored the establishment of mesophytic species such as
maples (Acer spp.), American beech (Fagus grandifolia) and
tulip poplar (Liriodendron tulipifera) (Alexander et al. 2021).
The loss of oak-hickory forests has been attributed to multiple
drivers, including fire suppression and wet climate conditions
during the last century that have inhibited oak-hickory regener-
ation (McEwan et al. 2011; Pederson et al. 2015). Regardless of
the cause, the increasing abundance of mesophytes has raised
concerns that the productivity of eastern United States forests,
a globally important terrestrial carbon sink (Xiao et al. 2011;
FAO and UNEP 2020), may be especially vulnerable to future
severe droughts caused by rising temperatures and altered pre-
cipitation regimes (Brzostek et al. 2014; Coble et al. 2017; Iverson
et al. 2018; Au et al. 2020; Novick et al. 2022).

Oak-hickory forests have long been viewed as drought resistant,
owing to their abundance in xeric landscapes (Abrams 2003;
Arthur et al. 2015) and propensity to sustain carbon uptake and
growth during hydrologic stress (Niinemets and Valladares 2006;
Gu et al. 2015; Roman et al. 2015; Hu et al. 2017; Denham
et al. 2021). However, episodic drought-mortality in oak-hickory
forests has been increasingly reported in recent decades (Fan
et al. 2012; Haavik et al. 2015; Radcliffe et al. 2021), which com-
plicates our understanding of the carbon consequences of this
ongoing compositional shift. If xerophytic oaks and hickories
are indeed more prone to drought-driven mortality, their ben-
eficial impacts on forest carbon cycling may be diminished (Xu
et al. 2012), as die-off events not only reduce forest productivity
(Liu et al. 2023) but emit terrestrial carbon back into the atmo-
sphere (van der Molen et al. 2011).

In this study, we quantify the drought-driven growth and mor-
tality sensitivities for a wide range of eastern United States for-
est tree species. We leverage the wealth of data accumulating in
the USDA Forest Inventory and Analysis (FIA) survey, which
provides spatially explicit and co-located observations of stem
loss and growth across thousands of permanent plots (Gray
et al. 2012). While intense droughts are expected to become
more frequent across eastern United States forests as the climate
continues to warm (Zhao et al. 2020), drought events have been
relatively rare in the region since the standardization of FIA
sampling schemes (Maxwell and Harley 2017). However, the
central hardwood ecoregion of the eastern United States expe-
rienced an exceptional drought in the summer of 2012 (Mallya
et al. 2013), providing a unique opportunity to assess growth and
mortality dynamics of xerophytes versus mesophytes during one
of the most extreme drought disturbances to affect the region
during the last century.

Our analyses are guided by the following questions:
1. Are xerophytic oak and hickory species more (or less) vul-

nerable to severe drought in terms of growth and survival
than mesophytes?
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FIGURE1 | Drought exposure, historical climate conditions, and Forest Inventory and Analysis plot distribution across the study area. Panel (a)
is minimum monthly Palmer Drought Severity Index (PDSI) values across climate zones during the 2012 growing season (March—October). Panel
(b) is long-term aridity-wetness index at 30 arc-second spatial resolution from 1970 to 2000 (Trabucco and Zomer 2018). The aridity-wetness index
denotes the ratio of mean annual precipitation (informed by Worldclim?2 interpolated weather station data) to mean annual evapotranspiration (de-

rived by the FAO Penman-Monteith method); for more detail on the calculation of the aridity-wetness index, see: Trabucco and Zomer 2018). Panel

(c) is the plot locations and the tessellation approach whereby individual plots were reclassified and aggregated to uniform ~875km? hexagons. Map

lines delineate study areas and do not necessarily depict accepted national boundaries.

2. To what extent do xerophytes and mesophytes differ in
their relationship between growth and mortality during
severe drought?

Collectively, answers to these questions will generate timely and
important information regarding forest management in the face
of climate change (Fralish 2004; Holzmueller et al. 2014). Though
previous studies have addressed similar questions in eastern
United States forests (e.g., Niinemets and Valladares 2006;
D'Orangeville et al. 2018; Au et al. 2020; Maxwell et al. 2024),
a widespread focus on growth, rather than mortality, has ne-
glected to consider the extent to which short-term gains via
growth may be offset by mortality and the loss of standing car-
bon stock. By evaluating the relationship between growth and
survival for xerophytic oak/hickory species and mesophytes
during severe drought, we gain a more holistic understanding of
the potential carbon costs of ongoing forest compositional shifts.

2 | Methods
2.1 | Data, Study Area, and Species

Data on tree growth and mortality were accessed from the USDA
Forest Service Forest Inventory and Analysis (FIA) Program. The
FIA survey is a long-term record on the status of United States for-
ests based on repeated field sampling of plot-level silvicultural met-
rics including tree species, their diameter at breast height (DBH),
and other site characteristics (Bechtold and Patterson 2005). FIA
plots consist of a cluster of four ~42 m? subplots located 36.6 m away
from a central plot at 0-, 120-, and 240° azimuth (Gray et al. 2012).
Plot locations are distributed across the continental United States

with approximately one sample location every 2428 ha, but often
at higher density in contiguously forested public lands. FIA re-
cords extend back to the 1960s, but prior to 2000 individual states
sampled plots periodically and at asynchronous intervals (Fei
et al. 2011; Gray et al. 2012).

In this study, we quantified tree growth and mortality from 2000
to 2018 across ~4500 FIA plots that experienced “Severe” or
“Extreme” water stress (Svoboda et al. 2002) during the excep-
tional 2012 drought (Mallya et al. 2013) (Figure 1a). Historically,
damaging droughts in the central hardwoods have been relatively
infrequent. Over the past century, severe droughts prior to 2012
all occurred before 1970, the majority of which were in the “Dust
Bowl” era of the 1930s (Brandt et al. 2014). Additionally, the 2012
drought event was especially damaging because precipitation
was reduced relatively early in the growing season. In southern
Indiana, for example, only 23 mm of precipitation occurred in the
months of June and July, which was less than 10% of the historical
average (Roman et al. 2015). In other years, pronounced soil mois-
ture deficits typically do not develop until late summer or autumn
when trees have largely stopped growing (Yi et al. 2017).

The study region is broadly characterized by temperate cli-
mates, but with a pronounced east-west gradient (Figure 1b).
We focused on the most abundant tree species in the region
that exceeded 10,000 observations in the FIA subset and had a
DBH greater than 12.7 cm (Fei et al. 2011; Jo et al. 2019). We ex-
cluded timber-harvested plots and sub-canopy tree species such
as flowering dogwood (Cornus florida) and eastern red cedar
(Juniperus virginiana). Ash species (Fraxinus pennsylvanica and
Fraxinus americana) were also removed due to widespread mor-
tality associated with the spread of the emerald ash borer (Pugh
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TABLE 1 | Study species, functional groups, and number of observations in the Forest Inventory and Analysis subset from 2000 to 2018 used in

this study.

Species name

Species code

Common name

Functional group

FIA inventory observations

Quercus alba QUAL White Oak Oak 62,224
Acer saccharum ACSA Sugar Maple Mesophyte 37,790
Quercus velutina QUVE Black Oak Oak 37,030
Quercus stellata QUST Post Oak Oak 31,186
Acer rubrum ACRU Red Maple Mesophyte 25,730
Liriodendron tulipifera LITU Tulip Poplar Mesophyte 21,600
Ulmus americana ULAM American Elm Mesophyte 21,126
Carya ovata CAOV Shagbark Hickory Hickory 15,829
Pinus echinata PIEC Shortleaf Pine Pine 15,416
Carya glabra CAGL Pignut Hickory Hickory 14,563
Prunus serotina PRSE Black Cherry Mesophyte 14,213
Quercus rubra QURU Red Oak Oak 13,821
Sassafras albidum SAAL Sassafras Mesophyte 13,667
Celtis occidentalis CEOC Hackberry Mesophyte 13,483
Juglans nigra JUNI Black Walnut Mesophyte 13,406
Carya alba CAAL Mockernut Hickory Hickory 13,124
Nyssa sylvatica NYSY Black Gum Mesophyte 11,263
Carya texana CATE Black Hickory Hickory 10,968
Quercus coccinea QUCO Scarlet Oak Oak 10,530
Fagus grandifolia FAGR American Beech Mesophyte 10,286

et al. 2011). In total, our analyses included 20 highly abundant
canopy-dominant tree species, representing ~80% of regional
FIA observations during the study period (Table 1).

Although our region of interest included an appreciable number
of FIA plots, the mean number of canopy dominant trees at the
plot level (independent of species) was 18.54 (+10.71 std), and it
was common to have just 1 or 2 individuals of any given species
presentin a single plot. Because small stem counts can skew esti-
mates of growth and especially mortality (Sheil et al. 1995; Zhou
et al. 2021) we applied a tessellation scheme (Fei et al. 2017; Jo
et al. 2019), whereby FIA plots were regionally aggregated to 560
uniformly spaced hexagons (with an area equal to ~875km?)
(Figure 1c). The coordinates of each hexagon center and their
species composition are reported in the (Table S1). Additionally,
we used a spatial smoothing measure by interpolating plot in-
formation from surrounding regions; the unit of analysis for this
study was defined as the individuals in each hexagon plus the
sum of those in their surrounding hexagons (Figure S1).

2.2 | Analytical Approach
Relying on FIA data to understand how growth and mortal-

ity vary across species and functional groups requires a care-
ful approach. Forest inventory databases have been essential to

understanding changing forest demographics (Fei et al. 2011;
Pugh et al. 2011; Trugman et al. 2020) and estimating the quan-
tity of stem loss following disturbance (Kromroy et al. 2008; Klos
et al. 2009; Thompson 2009; Venturas et al. 2021). However, it is
important to recognize that drought impacts on the landscape are
highly sensitive to localized environmental factors, such as arid-
ity (Lévesque et al. 2014; Jump et al. 2017), soil texture (Redmond
et al. 2015), and disturbance legacies (Kannenberg et al. 2020;
Knapp et al. 2021). The xerophytic and mesophytic nature of our
study species means that their range and degree of coexistence
often differ (Figures S2 and S3) as historical climate conditions
have shaped their establishment (Figure S4). Because the densi-
ties of these co-dominant trees are not spatially uniform, species
can differ in their degree of drought exposure or be differentially
sensitive to physiological stress during drought (Figure S5).
Collectively, these environmental factors complicate our ability
to compare growth and mortality responses from inventory data.

To overcome these challenges, we developed a novel method-
ology that applied traditional geographic axioms (Tobler's First
Law of Geography; Tobler 1969) to minimize confounding biases
associated with range distributions and environmental factors.
This approach allowed us to quantify relative drought impacts
only in regions where specific species co-occurred (Figure 2). In
this manner, the complications of site-to-site variation driven by
topo-climatic variability are reduced because drought responses
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Generic Forest Landscape

| Xerophytic species
| Mesophytic species

Natural Climate
Gradient

FIGURE2 | Conceptual figure demonstrating the co-located filtering approach used to minimize confounding biases associated with range dis-

tributions and environmental factors. Across a natural climate gradient, xerophytic and mesophytic species are most abundant in different locations.

Rather than comparing drought responses in regions where these species were spatially separated and subjected to different pedo-environmental

factors (solid black circles), species were only compared in overlapping regions (dashed black circle) where they experienced similar disturbance leg-

acies and growing environments.

are only compared between individuals that have been subjected
to similar degrees of drought exposure, disturbance legacies, and
growing environments (Au and Maxwell 2022; Novick et al. 2022).

2.3 | Growth Sensitivity Analyses

To normalize the impact of site-to-site environmental variation,
we evaluated relative growth responses associated with the 2012
drought in hexagons where species pairs overlapped, adopting an
approach that relies on relative comparisons among co-located
species (Figure 2). We first quantified species-specific growth at
the hexagon-level as a relative growth rate for species i (RGR,) (%
growth/year) among individuals (Brzostek et al. 2014), expressed as:

(BA;; —BA,)

RGR, = [ A
1,0

} % 100 )

where BA, is the basal area (the cross-sectional area of tree
stems (m?) at the initial inventory and BA,, is the basal area at
the next inventory. Because the species in our study region ex-
hibit different intrinsic growth rates (Latham 1992), the impact
of drought on RGR; was characterized as a rate change parame-
ter, ARGR,; (% growth/year), whereby RGR,; after 2012 was sub-
tracted by the RGR, of the conspecific individuals occupying the
same hexagon prior to drought disturbance. Specifically, ARGR;
was quantified as:

growth of the same species and locations from two successive
inventories during a non-droughted period (i.e., when BA; ; was
sampled during the years 2000-2011; Equation 1).

Next, we used an iterative pairwise difference approach to
compare corrected growth rates between species. The relative
growth parameter, g, ; (% growth/year), was expressed as:

8 ; = ARGR; — ARGR,; 3)

where ARGR,; is ARGR of a specific species (i.e., species i) and
ARGR; is ARGR of one of the other 19 study species (Table 1)
that occupied the same hexagon. We determined whether
drought-driven g, ; was different between species pairs using
a one sample f-test (¢ =0.05). A negative g, ; indicates species i
's growth was more strongly reduced by the 2012 drought than
species jwhile a positive g, ;;indicates that species i experienced
lower relative growth reductions; a g, ; equal to or near zero in-
dicates the drought impact on growth between species pairs i
and j was equivalent.

To compare which tree species’ growth was more (or less) sen-
sitive to drought after correcting for the influence of local envi-
ronmental factors, we synthesized g, ; across all species pairs by
quantifying a relative sensitivity metric. This metric was charac-
terized as a species-specific percentile difference of the number
of species which experienced greater or more reduced relative
growth than their neighbors. Specifically, relative growth sensi-
tivity (%) was quantified as:

A RGRi = RGRi,post_drought - RGRi,pre_drought (2)
. . e pe . (ngr ‘..<0) - (ngr i'>0)
where RGR; o5 arougnt 1S SPecies-specific relative tree growth Relative growth sensitivity, = =i - %100
following drought (when BA;; was sampled during the years ' Mo
2012-2018; Equation 1) and RGR; e drougne IS the relative tree @
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Where Mg <o are the number of co-occurring species that expe-
rienced lower growth reductions and n, ;. are the number of
species whose growth was more limited by drought. n,, is the
number of species that had overlapping ranges. A positive rela-
tive growth sensitivity value indicates growth was more strongly
reduced by drought while a negative value indicates greater
growth tolerance. We then compared the mean differences of
relative growth sensitivity between the xerophytic oak/hickory
and mesophyte groups (Table 1) using a two-sample t-test at the
a=0.05 significance level.

2.4 | Mortality Sensitivity Analyses

Our approach to estimate species-level mortality responses was
similar to the approach used to characterize growth sensitivity
(Section 2.3). Species-specific mortality was quantified as a stem
loss rate (m;) (% stem loss/year) using the equation provided by
Sheil et al. (1995):

N\
m=[1-( =2 X 100 )
Ni,O

where N is the number of live stems (the standing tree species
denoted as living in the FIA survey) at the initial inventory (at
year = ty) and N;, is the number of live stems at the next inven-
tory (at year =¢;). The variable ¢ (years) is the difference in time
between inventory periods, and equal to t; — ¢,.

It is important to recognize that assessing drought-driven
mortality as a change in live stem counts between inventories
(i.e., Equation 5) can be sensitive to recruitment and drought-
independent mortality agents (i.e., vulnerability to windthrow,
pests, disease, etc.). To account for this, we evaluated the im-
pact of drought as a change in stem loss rate (A m;) (% stem loss/
year), where species-specific m; after 2012 were subtracted by
m; quantified in the same hexagon during previous non-drought
periods. The A m; equation took the following form:

Am;=m

i,post_drought — mi,pre_drought (6)

where m; o arougnt 1S @ species-specific drought-driven stem
loss rates (when N;; was sampled during the years 2012-2018;
Equation 5) and m; e drougne 1S the stem loss rate for the same
species and locations from two successive inventories during a
non-droughted period (when N; ; was sampled during the years
2000-2011; Equation 5).

Next, we applied an analogous iterative pairwise difference
approach (i.e., Equation 3) to compare corrected mortality re-
sponses among individuals that co-occurred in the same hexa-
gons. The relative mortality, m, ; (% stem loss/year), equation
took the following form:

m, ;= Am; — Amj @)

Where Am; is Am of a specific species (i.e., species i) and Am is
Am of one of the other 19 study species (Table 1) that occupied
the same hexagon. We determined whether drought-driven m,.

was different between species pairs using a one sample t-test

(a=0.05). A positive m, ; indicates stem loss was greater for spe-
cies i than species j, a negative m, ; indicates that stem loss was
lower for species i, and am, ;equal to or near zero indicates the
impact of drought on stem loss between species pairs i and j was
equivalent.

We then synthesized m, ; across all species pairs to character-
ize an analogous relative drought-tolerant metric for mortality.
Relative mortality sensitivity (%) was thus quantified as:

<nmul->0> - (nmu-j<0)

Relative mortality sensitivity; = %X 100
Pior

®

wheren,, qarethe number of co-occurring species that experi-
enced lower drought-driven stem loss change and My, <o aT€ the
number of species that experienced greater drought-driven stem
loss change. n,, is the number of species that had overlapping
ranges. A positive relative mortality sensitivity value indicates a
species experienced greater mortality than their neighbors while
a negative one indicates greater survival. Likewise, the absolute
magnitude reflects the strength of stem loss response. Mean dif-
ferences between the xerophytic oak/hickory and mesophyte
groups (Table 1) were compared using a two-sample t-test at
the a=0.05 significance level. Additionally, we used regression
analyses to assess the relationship between relative growth and
mortality sensitivities (Equations 4 and 8, respectively). All
analyses and statistical tests were conducted in MATLAB soft-
ware v. R2019a (MathWorks Inc.; Natick, MA, USA).

3 | Results

Relative growth sensitivities to the 2012 drought among co-
located individuals revealed strong functional differences
between xerophytic oak/hickory versus mesophytic species
(Figure 3). Except for black oak, all oak/hickory species had a
negative relative growth sensitivity metric value (Figure 3a),
indicating that their productivity was inhibited by drought to
a lesser extent than their neighbors. Likewise, the majority of
mesophytes had a positive relative growth sensitivity metric
value (Figure 3a). Sugar maple and American beech had similar
responses to many co-occurring trees and were among the most
tolerant mesophytes in terms of growth. However, other me-
sophytic species like tulip poplar, hackberry, and black cherry,
were notably sensitive and experienced the greatest productivity
declines (Figure 3a). The iterative growth comparisons between
individual species pairs that informed the relative growth sen-
sitivity metric (g, ; Equation 3) are reported in the (Figure S6).

In contrast to growth, we failed to detect appreciably different
responses between the xerophytic oak/hickory and mesophyte
groups for mortality (Figure 4). Despite the severity of the 2012
drought in terms of climate abnormality, terrestrial carbon up-
take, and crop yield (Mallya et al. 2013; Yi et al. 2017), we found
only modest impacts on forest die-off. Across all FIA plots and
species, the acceleration of stem loss (A m;; Equation 6) was less
than 2%. Nevertheless, within the different functional groups,
important differences between species did emerge.
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Unlike growth, relative mortality sensitivity was highly di-
verse across the individual oak/hickory and mesophytic
species (coefficient of variation=6.69 and 8.01 for oak/
hickory and mesophytes, respectively; Figure 4a). Although
some oak/hickory species were similarly tolerant in terms of
growth and survival (e.g., shagbark hickory and pignut hick-
ory; Figures 3a and 4a), others (e.g., black hickory and black
oak) experienced some of the greatest relative stem losses.
Likewise, many mesophytes, which are putatively considered
sensitive to drought, survived in greater numbers than the ma-
jority of their xerophytic neighbors. For example, red maple,
American beech, and black gum had lower relative mortality
sensitivity metric values than every oak/hickory species but
shagbark hickory and pignut hickory (Figure 4a). Overall, we
found that drought-driven stem loss rates between the xero-
phytic oak/hickory and mesophytic groups were statistically

indistinguishable (Figure 4b). The iterative stem loss com-
parisons between individual species pairs that informed the
relative mortality sensitivity metric (m, ;; Equation 7) are re-
ported in the (Figure S7).

Because relative growth sensitivity among functional groups
was highly clustered (Figure 3a) but relative mortality sensi-
tivity was not (Figure 4a), growth sensitivity across all species
was weakly related to mortality risk following severe drought.
When all species were considered, we found no significant rela-
tionship between these two drought-tolerant metrics (Figure 5).
Likewise, there was no significant relationship among the xero-
phytic oak and hickory species. For mesophytes, however, we
found a positive relationship between growth sensitivity and
survival sensitivity (Figure 5b). We additionally repeated this
analysis among a larger subset of trees (i.e., trees with a DBH
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greater than 20cm), but it did not meaningfully affect our re-
sults (Figure S8).

4 | Discussion

By evaluating tree growth and mortality patterns during a se-
vere drought event, we generate a novel perspective on the
potential carbon consequences of forest compositional shifts
between mesophytes and xerophytes. When comparing co-
located species, our analyses confirmed prior expectations
that mesophytes are more sensitive to drought than xerophytes
in terms of growth (Niinemets and Valladares 2006; Brzostek
et al. 2014; Hu et al. 2017), but not mortality. We additionally
revealed that growth sensitivity to water deficits was broadly
decoupled from mortality risk across a diverse assemblage of
tree species. These findings suggest that, during drought, de-
clining xerophytic abundance has a larger impact on growth
than on survival. However, xerophytes and mesophytes exhib-
ited strong functional differences regarding the relationship
between these two important drought-tolerant metrics. While
there was no relationship between relative growth and relative
mortality sensitivities across all species, they were positively co-
ordinated within the mesophyte group (Figure 5). Therefore, in
regions where mesophyte establishment is being favored (Bhatta
and Vetaas 2016; Spinu et al. 2020; Alexander et al. 2021), forest
stands with limited growth sensitivity are likely to be the most
tolerant to severe drought events moving forward.

4.1 | Growth-Mortality Coordination Differs
Among Xerophytes Versus Mesophytes During
Severe Drought

Importantly, our results demonstrate that characterizing
drought sensitivity depends on whether growth or mortality

is the metric used to define its impact. Many of our analyses
supported the perspective that the oak and hickory species
in our study exhibit xerophytic characteristics (Fralish 2004;
Alexander et al. 2021); they were most abundant in arid
landscapes (Figure S4) and were the least sensitive species
to drought in terms of growth (Figure 3). Additionally, oak
and hickories possess many traits that are well-adapted to
water scarcity, including low specific leaf area, deep roots
which can access stable soil moisture pools, and desiccation-
resistant leaves (Abrams 1990; Valladares and Niinemets 2008;
Alexander et al. 2021). Despite these adaptations, their growth
insensitivity to water deficits is also enabled by their propensity
to operate with small hydraulic safety margins (Kannenberg,
Novick, et al. 2019; Benson et al. 2022; Novick et al. 2022),
which is a hydraulic strategy indicative of acute mortality risk
(Delzon and Cochard 2014; Anderegg et al. 2016). Thus, we ex-
pected that their greater relative growth during severe drought
would be accompanied by elevated stem loss (Fan et al. 2012;
Haavik et al. 2015; Radcliffe et al. 2021). Instead, our findings
suggest that even if oak and hickories sustained their growth by
incurring substantial embolism, it did not contribute to a dis-
proportionate risk for die-off (Choat et al. 2012).

If xerophytic oak and hickories can tolerate appreciable xylem
embolism, this could explain the lack of coordination between
drought-driven growth and mortality we observed across spe-
cies and functional groups. There is overwhelming evidence
that oaks and hickories readily allow substantial plant water po-
tential declines yet develop embolism-vulnerable xylem (Roman
et al. 2015; Gu et al. 2015; Kannenberg, Novick, et al. 2019;
Benson et al. 2022; Novick et al. 2022). However, oak and hickory
species also rely on shallower sapwood depths to conduct water
than mesophytes and thus have greater capacity to recover from
hydraulic dysfunction via new growth (Brodribb et al. 2010;
Tao et al. 2024). Such a strategy encompasses substantial risk,
as evidenced by the drought legacy effects that are especially
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pronounced for oak and hickory species (Kannenberg, Novick,
Alexander, et al. 2019). On the other hand, it may also be a com-
petitively advantageous strategy to establish dominance over
faster-growing, but drought-sensitive mesophytes (Pederson
et al. 2015).

In contrast to the xerophytic oak/hickory group, meso-
phytes exhibited a strong positive coordination between rel-
ative growth and relative mortality sensitivities (Figure 5).
Mesophytes' investment in traits that capitalize on moisture
abundance to overtop their neighbors, including a high rela-
tive allocation to leaf biomass that enhances light interception
and productivity (Wright et al. 2010; Alexander et al. 2021),
makes them sensitive to water deficits (Jump et al. 2017), but
can also decrease the time to carbon starvation (McDowell
et al. 2008; Gentine et al. 2016). Though mesophytes tend
to avoid desiccation during drought by more strongly down-
regulating their water use and carbon uptake than xerophytes
(Roman et al. 2015; Alexander et al. 2021; Novick et al. 2022),
prolonged stomatal closure may sufficiently deplete their
carbon reserves to an extent that sets them on a trajectory
towards die-off (McDowell et al. 2008, 2011). Because de-
clining growth is often an indicator preceding mortality (Liu
et al. 2019; DeSoto et al. 2020) risk of carbon starvation could
explain why the mesophytic species in our study that expe-
rienced greater growth reductions also experienced greater
mortality.

Because forest compositional shifts over the last century
have largely been attributed to climate change and manage-
ment (Bhatta and Vetaas 2016; Spinu et al. 2020; Trugman
et al. 2020; Alexander et al. 2021), it is important to consider
the extent to which our functional groups and study species
may be asymmetrically impacted by these anthropogenic
drivers. For example, in our study region, fire suppression and
wet climate conditions have inhibited xerophytic oak-hickory
regeneration (McEwan et al. 2011; Pederson et al. 2015), such
that the mesophytic species that are replacing them are skewed
towards smaller tree sizes and occur more frequently in sub-
canopy positions (Fei et al. 2011; McEwan et al. 2011). While
drought impacts can vary substantially across canopy strata
(Orwig and Abrams 1997; Bennett et al. 2015; Au et al. 2022),
we found little evidence that these differences affected our
results. When the relationship between relative growth and
relative mortality sensitivities was evaluated among a sub-
set of larger trees (trees with a DBH greater than 20cm),
our main findings did not substantially change (Figure S8).
Within the mesophyte group, however, structural influences
were more nuanced. Tree size had a disproportionate impact
on mortality for sassafras (relative mortality sensitivity was
5.26% and 80.0% at the >12.7cm and >20cm threshold, re-
spectively), though growth sensitivity remained positively
coordinated with survival sensitivity among the other me-
sophytes (R?=0.778, p=<0.01; Figure S8b). Regardless, the
lack of a relationship between these metrics across all species
from the larger tree subset (R?=0.125, p=0.137; Figure S8b)
suggests that structural differences in our study region do
not explain the different drought-driven growth and mor-
tality relationships observed between xerophytes versus
mesophytes.

4.2 | Advantages and Limitations of Co-Located
Methodologies for Evaluating Drought-Responses

To evaluate drought-driven growth and mortality dynamics
across species and functional groups from inventory data, we
developed a novel approach that relied on a carefully designed
suite of algorithms to compare relative responses between
co-located species. Though this strategy differs from many
commonly used statistical approaches, it also provides many
advantages. For example, inventory analyses routinely account
for topographic factors (Kromroy et al. 2008; Klos et al. 2009;
Thompson 2009; Venturas et al. 2021) but rarely consider dif-
ferences among species-specific geographic distributions. In our
study, the ranges of the 20 highly abundant study species were
considerably variable (Figure S2). Even if these species shared
important topographic similarities (e.g., hillslope position,
latitude, climate, etc.), they were growing in spatially distinct
locations and may have been subject to different disturbance
legacies. By comparing responses only within their overlapping
regions, these types of topographically independent influences
are minimized.

This approach can additionally account for the overwhelmingly
numerous and complex suite of environmental factors that de-
termine drought responses but are often challenging to directly
assess. While the simple plot-level characteristics that accom-
pany inventory data sets are regularly included in statistical
models (Kromroy et al. 2008; Klos et al. 2009; Thompson 2009;
Venturas et al. 2021), many environmental factors which are
known to influence drought sensitivity are not because they
are either unavailable, temporally mismatched, and/or diffi-
cult to characterize with high fidelity. Such factors may include
depth to bedrock, nutrient environments, soil hydraulic prop-
erties, and beyond (Quesada et al. 2009). By comparing relative
drought responses only to their neighbors, the influence from
environmental factors that are difficult to evaluate statistically
is also minimized.

The generation of standardized relative drought-response met-
rics also makes this approach primed to answer pressing eco-
physiological questions that are beyond the scope of this study.
By minimizing the influence of landscape factors from land-
scape observations, these methods leverage data rich resources
to establish a relative drought sensitivity baseline that is defined
at the species level. Together with the accumulating wealth of
knowledge in other networks like TRY (Kattge et al. 2011), XFT
(Choat et al. 2012), and PSInet (Restrepo-Acevedo et al. 2024),
this information can be used to advance our understanding of
the extent to which functional plant traits and/or physiological
strategies confer drought tolerance.

Despite these advantages, it is also important to acknowledge
the limitations of our approach. Quantifying drought responses
(especially mortality) can be sensitive to small stem counts
(Sheil et al. 1995; Zhou et al. 2021). Because inventory programs
like FIA sample plots that are relatively modest in size (i.e., 42
m?), it is common to have just one or two individuals per plot
when filtered by discrete species. To account for this, we focused
on species with a high number of observations in the dataset
and applied a tessellation scheme to group plots into larger

90f13

od ‘9 STOT ‘98¥TSIEL

:sdny woiy papeoy

sdny) SUONIPUOD) PUE SWAL, Y 998 “[§Z0Z/01/8T] U0 ATeIqYT QUIUQ ASJIAN “SOHEIQET ANSIDAIUL BURIPUT £Q 09ZOL'GOR/1 11 1°01/10p/wo0KajimA

19)/W00" K31

pi

2SU2DIT suowwo)) aanear) a[qesrjdde ayy £q pauraAos are sa[oNIE Y {asn Jo SA[NI 10J KIRIqIT AuIuQ KJ[TA UO (:



spatial units. However, this means that our approach was only
able to evaluate drought responses among a relatively limited
number of species, albeit ones that disproportionately contrib-
ute to ecosystem function (i.e., species that accounted for ~80%
of all regional FIA observations; Table 1). Moreover, while the
methodology was designed to minimize the influence of a wide
range of environmental factors, our approach to dividing and
aggregating plots may not fully resolve the impact of fine-scale
variation in environmental conditions, which were assumed to
be homogeneous within our unit of analysis (i.e., the ~875km?
hexagons; Figure 1c).

Another potential limitation of our methodology is that it cannot
account for influences arising from the timing of drought. The
2012 drought event that informed our results occurred relatively
early in the growing season (Mallya et al. 2013; Yi et al. 2017)
and it is possible that early season droughts can impose asym-
metrical responses across our study species. For example,
while most of the mesophytic species in the central hardwoods
have a diffuse-porous wood anatomy, oak and hickory species
have ring- and semi-ring-porous wood, respectively (Au and
Maxwell 2022). Thus, oaks and hickories construct large xylem
elements early in the growing season that are efficient at trans-
porting water but are also highly vulnerable to drought-driven
embolism (Christman et al. 2012). However, the different rel-
ative densities of large early wood xylem vessels in the respec-
tive ring- and semi-ring-porous wood of oak and hickory species
may mean that the 2012 drought had a disproportionate impact
across the genera that comprised our xerophyte group (Table 1).
To further understand how composition changes between xero-
phytes and mesophytes alter the relationship between drought-
driven growth and mortality, future studies should prioritize
investigating the extent to which drought timing may influence
these dynamics (D'Orangeville et al. 2018).

4.3 | Implications for Eastern United States Forest
Management and Beyond

Projecting how oak-hickory decline will alter the ecosystem ser-
vices of eastern United States forests requires insights into the
degree that forest compositional shifts may alter growth and mor-
tality patterns. By comparing drought-driven growth responses
among co-located species, our analyses reaffirmed long-standing
concerns that the ongoing decline of xerophytic oak/hickory
species will make regional forest productivity increasingly sen-
sitive to drought (Brzostek et al. 2014; Coble et al. 2017; Iverson
et al. 2018; Au et al. 2020; Novick et al. 2022). However, mortal-
ity is also an important component of terrestrial carbon balance
(van der Molen et al. 2011; Xu et al. 2012) and our analyses ad-
ditionally revealed that xerophytic oak/hickory species are just
as likely to perish from severe water deficits as the mesophytes
that are replacing them. Nevertheless, total stem loss during the
exceptional 2012 drought was relatively low (less than 2% accel-
eration on average across species), suggesting that regional for-
est productivity during severe droughts moving forward is more
likely to be diminished by reduced growth, as opposed to carbon
losses via mortality (Maxwell et al. 2024). In that regard, our re-
sults suggest the conservation and regeneration of oak-hickory
forests is vital to sustain the current carbon mitigation potential
of this highly productive terrestrial carbon sink.

Though our study leveraged a drought event in the eastern United
States to evaluate how growth and mortality dynamics differ be-
tween xerophytes versus mesophytes, our findings have farther-
reaching implications. Forest compositional shifts are occurring in
many regions of the globe, often by similar mechanisms to those in
our study region. For example, xerophytic oak decline over the last
century has additionally been reported in Europe, Asia, and north-
ern Africa, and land management (especially fire suppression) has
often been implicated as the leading driver (Haavik et al. 2015;
Bhatta and Vetaas 2016; Spinu et al. 2020; Gosling et al. 2024).
Broadly, our findings suggest that as these forests continue to
decline in xerophytic abundance, their drought-driven mortality
risk may be relatively unchanged, but their growth will become
increasingly sensitive to water deficits. Given the predicted climate
changes for the future (IPCC 2023), management efforts to slow
ongoing compositional shifts will be decisive in determining the
carbon balance fate of these forest systems.
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