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Abstract

The coordination of plant leaf water potential (¥y,) regulation and xylem vulnerability to embolism is fundamental for under-
standing the tradeoffs between carbon uptake and risk of hydraulic damage. A legacy of observations in drylands suggests plants
with vulnerable xylem more carefully regulate Wy, than plants with resistant xylem. We synthesized over 1600 ¥y, observations,
122 xylem embolism curves, and xylem anatomical measurements of Quercus alba L., Liriodendron tulipifera L., and Acer
saccharum Marsh. across ten contrasting forests to evaluate if the paradigm linking conservative ¥y, regulation to vulnerable
xylem applies to temperate deciduous trees. Additionally, we explored generalizable patterns of hydraulic trait acclimation in
relation to forest age and climate. Contrary to the dryland paradigm, we found that the tree species with the most vulnerable
xylem (e.g., Q. alba) regulated Wy, less strictly (anisohydric behavior) than the species with xylem more resistant to embolism
(e.g., A. saccharum and L. tulipifera). This relationship was found across all sites, suggesting coordination among traits was
largely unaffected spatio-temporal factors. Our findings indicate drought-response traits of temperate deciduous forest species

are coordinated in fundamentally different ways than vegetation in arid climates.
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4. Introduction

When plants are water-limited, adaptive stomatal closure can alleviate stress on the plant hydraulic system
by reducing water loss to the atmosphere and preventing the development of excessively low water potentials
within the plant (Buckley, 2005). However, because stomatal closure down-regulates both water and carbon
fluxes at the leaf surface, there can be deleterious consequences for plant health from reduced photosynthesis.
Tree species differ widely in their ability to regulate plant water status. Often, this behavior is described
along an isohydric spectrum by characterizing plant regulation of leaf water potential (V) as soil water
potential (¥s) declines (e.g., 0¥/ O¥g) (Tardieu & Simonneau, 1998; McDowell et al ., 2008; Klein, 2014;
Mathenyet al., 2016; Meinzer et al ., 2016). More anisohydric species loosely regulate stomatal conductance
with rising evaporative demand, allowing ¥, to decline as soils dry (Martinez-Vilalta et al ., 2014). In
contrast, more isohydric species strictly regulate plant water loss by closing their stomata to minimize Uy,
decline. A less negative Wi maintains the turgor pressure necessary for leaf cell growth and expansion and is
an important factor determining the risk of damage to the hydraulic system from xylem embolism (Tyree &
Zimmermann, 2013).

Embolism occurs when hydrologic stress causes excessively large tension forces (e.g., very low water potential)
in the plant hydraulic system. As a result, xylem conduits become cavitated and embolized, and no longer
function to transport water (Tyree & Sperry, 1989; Daviset al ., 1999). The coordination of ¥y, regulation
and vulnerability of xylem tissues is therefore fundamental for understanding the tradeoffs between carbon
uptake and risk of hydraulic damage across vegetative species. The prevailing paradigm is that trees with
more vulnerable xylem tend to be more isohydric (Bond & Kavanagh, 1999; Shultz, 2003; McDowell et al
., 2008; Taneda & Sperry, 2008; Choat et al ., 2012; Plaut et al ., 2012; Meinzeret al ., 2014; Skelton et
al., 2015; Sperry & Love, 2015; Garcia-Forner et al ., 2016), as they operate with smaller safety margins to
xylem embolism and therefore require careful regulation of ¥y, to avoid hydraulic damage.

This view on the coordination of stomatal regulation of ¥y, and xylem vulnerability is implicit in the recent
incorporation of new plant hydraulic schemes into terrestrial ecosystem models (TEM) (Naudts et al. , 2015;



Kennedy et al., 2019; Mirfenderesgi et al ., 2019). The TEM frameworks differ in the way that hydraulics and
leaf-level gas exchange processes are mathematically linked; however, all fundamentally relate the stomatal
sensitivity to declining plant or soil water potential to the shape of the xylem vulnerability curve. The
ability of a model to link xylem vulnerability to isohydric behavior is even viewed as an important check on
a model’s functionality (Sperry & Love, 2015).

Much of what we know about coordination between ¥, and xylem vulnerability to embolism has relied on a
legacy of observations from dryland ecosystems (McDowell et al ., 2008; Taneda & Sperry, 2008; Plaut et al
., 2012; Skelton et al ., 2015), where plants are generally adapted to arid environments, but excessive drought
conditions have promoted widespread mortality (Macalady & Bugmann, 2014; Meddens et al ., 2015). Less
is known about the coordination of these hydraulic traits in more temperate forests, where drought stress
is often less severe than dryland ecosystems but is predicted to increase in frequency and severity into the
future (Dai, 2011; Novicket al ., 2016). Eastern US temperate forests are characterized by tall canopies and
dense foliage cover in which plants must compete for space (Olivier et al ., 2016). While drought-induced
mortality periodically occurs in these ecosystems (Elliott & Swank, 1994; Dietze & Moorecraft, 2011; Wood
et al ., 2018), trees must balance conserving hydraulic function with maintaining sufficient productivity and
growth to compete for light. Given these constraints, it is not clear that water-use strategies which adhere to
strict coordination between stomatal regulation and xylem vulnerability should necessarily confer a universal
advantage across diverse ecosystems.

Our understanding of tradeoffs between xylem vulnerability and ¥y, regulation is further challenged by a
tenuous understanding of intraspecific patterns of vulnerability (Anderegg, 2015). Species which encompass
broad climate envelopes sometimes acclimate their xylem tissues to thrive across diverse environmental
conditions (Maherali & Delucia, 2000; Herbette et al ., 2010; Wortemann et al ., 2011). Coordination
of hydraulic traits may also change over time, reflecting long-term, plastic responses to drought such as
changes in xylem anatomy (e.g., vessel diameter) that produce more resistant xylem (Maherali et al ., 2006).
Understanding intraspecific embolism vulnerability in both space and time is particularly important for
eastern US deciduous forests, which are species-rich, environmentally diverse, and characterized by uneven-
aged stands from a legacy of management and disturbance (Panet al ., 2011). Nevertheless, spatio-temporal
patterns of hydraulic vulnerability across this region are poorly understood.

In this paper, we focus on identifying inter- and intraspecific patterns of hydraulic traits in eastern US
deciduous forests that determine plant responses to both vapor pressure deficit (D ) and declining soil
moisture, both of which affect the evolution of ¥y, and stomatal regulation thereof (Tardieu & Simonneau
1998; Domec & Johnson, 2012; Novick et al ., 2019). Our analysis also explicitly tests assumptions that
guide the parameterization of plant hydraulics in TEMs. Our work is guided by the overarching question:
Do the drought response paradigms developed from observations of dryland vegetation apply in temperate
deciduous forests of the eastern US? To answer this question, we tested the following three hypotheses:

1) Trees invest in more resistant xylem when growing in regions that more regularly experience moisture
stress.

2) Stem tissues are more vulnerable to embolism in shorter, younger stands than in taller, more mature
stands, because taller trees will have developed more resistant xylem to overcome additional constraints on
water movement from increased canopy height (McDowell et al ., 2002; Novick et al ., 2009).

3) Stem tissues from trees that display anisohydric behavior will be more resistant to hydraulic dysfunction
than trees that more rapidly close their stomata to limit ¥y, decline (e.g., isohydric behavior). This hypothesis
reflects the prevailing paradigm, based largely on dryland studies, that the vulnerability of xylem tissues to
embolism is linked to more isohydric behavior.

To test these hypotheses, we analyzed stem xylem anatomy, stem embolism vulnerability, and Wy, obser-
vations of three common deciduous forest species with contrasting xylem anatomy and stomatal regulation,
Acer saccharum Marsh., Quercus albal.., and Liriodendron tulipifera L. We conducted this study across
ten forest stands of differing age and climates that broadly represented moisture availability for deciduous



vegetation across the eastern US. We characterized the plasticity of critical hydraulic traits that determine
drought-tolerance and productivity. Additionally, we sought to understand if the functional coordination
of Uyregulation and risk of xylem dysfunction commonly observed in dryland vegetation is indicative of
drought-response behavior of temperate forests.

5. Materials and Methods
5.1 Study sites

We selected ten forest stands across four regions in the eastern US that spanned a hydroclimatological
gradient (Fig. 1). Four of the stands were ~“85-year-old temperate deciduous forest AmeriFlux network
sites (US-MMS, US-CWT, US-Dk2, and US-MOz) in the states of Indiana (IN), North Carolina (NC), and
Missouri (MO). The gradient approach allowed us to understand how key plant hydraulic traits varied as
a function of climate. Additionally, The ~85-year-old stands in IN and NC were each end-members of a
chronosequence (including ~15- and ~35-year-old stands co-located within 20 km of the “85-year-old stand).
The chronosequences in NC and IN allowed us to investigate how the relationship between Uy, regulation
and vulnerability to hydraulic failure varied with stand age in regions experiencing a similar climate.

Indiana chronosequence stands:

The ~85-year-old (IN 85yo) (39° 19’ 23.527, -86° 24’ 47.16”) and ~35-year-old (IN 35yo) (39° 19’ 19.87”,
-86° 28’ 51.92”) IN stands were located in Morgan-Monroe State Forest, a temperate forest with 1032 mm
mean annual precipitation and 10.85 0C mean annual temperature (Roman et al ., 2015). Dominant species
were A. saccharum, L. tulipifera, Q. alba, Sassafras albidumNutt., Quercus rubra L., and dense Lindera
benzoinL. understory. Mean canopy height was 20 m and 30 m in IN 35yo and IN 85yo, respectively. Deep
silt clay loam soils characterized the sites (90 =120 cm). The ~15-year-old stand (IN 15yo0) (39° 13’ 10.93”,
-86° 32’ 30.96”) was a nearby (<20 km) regenerating planting with similar species composition located at
The Indiana University Research and Teaching Preserve’s Bayles Road site. There, 5-year-old saplings of
common Indiana forest tree species were planted in 2006 at a spacing of 5.25m x 5.25m and in random 12x
12 arrangements (Flory & Clay, 2010). Mean canopy height in IN 15y0 was 5 m.

Western North Carolina chronosequence stands:

The ~85-year-old (NC_W 85y0) (35° 3’ 33.127, -83° 25’ 39”) and ~35-year-old (NC_W 35y0) (35° 3’ 55.22”,
-83° 26’ 17.54”) stands in the western NC chronosequence were located in the Coweeta Basin, at the USDA
Forest Service Coweeta Hydrologic Laboratory. The site is characterized as a mesic forest with 1800 mm of
mean annual precipitation and 13 0C mean annual temperature (Oishi et al. , 2018). Mean canopy height
was 17 m and 35 m in NC_W 35yo and NC_W 85yo, respectively. Soils were fine-loamy with a variable
depth of approximately 35 to >90 cm. The NC_W 85yo was a mature, secondary forest dominated by L.
tulipifera, Q. alba, Acer rubrumL., Betula lenta L., and dense Rhododendron mazimum L. understory. The
NC_W 35yo stand had similar species composition, but was clearcut in 1976-1977 (Swank & Webster, 2014).
The ~15-year-old NC stand (NC 15yo0) (35° 10° 47.717, -83° 29’ 44.98”) was a selectively harvested stand
located nearby (<20 km) in the Nantahala National Forest with similar species composition. Mean canopy
height in NC_W 15y0 was 4.5 m.

Eastern North Carolina chronosequence stands:

The ~85-year-old (NC_E 85y0), “35-year-old (NC_E 35yo0), and ~15-year old (NC_E 15y0) eastern NC chro-
nosequence stands were located in the Blackwood Division of Duke Forest (35° 58’ 24.89”, -79° 6’ 1.55”).
Mean annual precipitation (1945-2015) for the area is 1144 + 162 mm, with 619 4+ 116 mm falling between
April and September. Annual mean temperature is 14.36 °C. NC_E 85yo was a naturally established stand
comprised of mixed hardwood species Q. alba , Quercus michauzii Nutt., L. tulipifera , Liquidambar sty-
racifluall, and hickory species Carya tomentosa Sarg. and Carya glabra Miller with a mean canopy height
of 27.5 m (Oishi et al.,2010). NC_E 35yo was located less than 4 km from NC_E 85yo and was part of the
former Duke FACE project ambient plots. This site was clear-cut in 1982 to remove a 50-year-old mixed pine
forest and was replanted in 1983. The stand was dominated by Pinus taeda L. but@. alba , L. tulipifera,



Acer rubrum L, L. styraciflua, Cornus florida L. and Prunus serotina occurred in the understory and stand
gaps. Mean height of the mid-canopy Q. alba and L. tulipifera trees in the NC_E 35yo stand was 15.1 m.
Soils were gravelly loam of the Iredell series with majority of the rooting zone occurring at 45-65 cm depth
(Domec et al., 2012).

A. saccharum trees were sampled in the NC_E chronosequence from an additional lowland hardwood stand
located 15 km from the ones described above. Fagus grandifolia Ehrh. was the dominant canopy tree species
of this lowland hardwood site, but Q. alba , Q. rubra , L. styraciflua , and A. saccharum occurred frequently
in the understory. This site was also part of the Duke Forest but was characterized by a deep and well-drained
soil with minimal disturbance. The mean height of “15 and "35 years old A. saccharum trees were 9.2 and
19.5 m, respectively.

Missours stand:

The ~85-year-old MO stand (MO 85yo0) (38° 44’ 38.76”, -92° 12’ 0”) was located in the University of Missouri’s
Baskett Wildlife Research and Education Area. It is a comparitively xeric secondary oak-hickory forest, where
mean annual temperature is 12.11 0C and mean annual precipitation is 986 mm. While this site received
similar annual precipitation to IN and NC_E, high precipitation variability and comparatively shallow silt
loam soils imposed frequent and severe physiological drought (Gu et al. , 2015; Gu et al. , 2016). Dominant
species were A. saccharum, Q. alba ,Quercus velutina Lam., Carya ovata (Mill.) K. Koch, andJuniperus
virginiana L. Mean canopy height was 18.5 m.

5.2 Study Species

Tree species were selected to focus on a parsimonious set of species such that within each region, we studied
at least one relatively isohydric species and at least one relatively anisohydric species (using results from
previous work, including Roman et al ., 2015 and Vose & Elliot, 2016). Overall, we targeted A. saccha-
rum (isohydric),L. tulipifera (isohydric), and Q. alba (anisohydric) and sampled each of these species when
present. In MO 85yo we sampledA. saccharum and Q. alba . In the NC_W chronosequence we sampled
L. tulipifera and Q. alba at each respective stand. In the NC_E chronosequence we sampled (. alba andL.
tulipifera in the 85yo and 35yo stands, and A. saccharum in the neighboring lowland hardwood stand. In the
IN 15y0 and IN 35yo, we sampled L. tulipifera and Q. alba . In IN 85yo we sampled Q. alba, A. saccharum,
and L. tulipifera . Tree species and climate conditions across stands and regions are summarized in Table 1.

5.3 Characterizing midday ¥, regulation

Periodic midday ¥y, measurements (10:00-16:00 local time) were compiled from a dataset of over 1600
observations collected throughout the growing seasons of 2011-2017. On each measurement day, one to
five samples were collected from one to three trees per species from the upper third of the canopy. After
excision, Uy,was measured using a pressure chamber (PMS Instruments, Corvallis, OR, USA) (Turner, 1988)
immediately in the field, or after being transferred back to the lab in a humidified bag stored in a chest
cooler. All together, we made 704, 178, and 757 ¥y, observations ofL. tulipifera , A. saccharum , and Q.
alba , respectively. The number of Wy, observations and sampling days varied across the stands, but W,
was measured on 4-51 different days at each specific stand. Moreover, these days were distributed across
the growing season, including sampling at the beginning (June) and end (September) to permit observation
throughout dynamic seasonal changes of moisture conditions.

While drought response behavior is commonly described along an isohydric spectrum (e.g., OV /0¥g),
often a species’ relative degree of isohydricity is inconsistent from one stand to the next (Martinez-Vilatla
& Garcia-Forner, 2017). For example, Roman et al . (2015) reporteddV¥, /0¥ g for Quercus spp. in southern
Indiana was 1.31 during a severe regional drought. Bahariet al . (1985) observed that 0¥, /0¥ gwas 0.28 for
Q. alba in the Missouri Ozarks, while a decade later, Loewenstein & Pallardy (1998) observed thato¥y /0¥ g
was 0.61 for Q. alba in the same region. These inconsistent results likely reflect the fact that the degree of
isohydricity, defined as 0¥ /0¥g, is complicated by environmental interactions (Hochberg et al ., 2018),
including site-to-site variations in D (Novick et al ., 2019), or when the magnitude of soil water deficit during



the sampling period is insufficient to capture stress responses (Martinez-Vilatla & Garcia-Forner, 2017). This
is particularly challenging in mesic ecosystems with frequently saturated soils (e.g., NC_W chronosequence
stands), where the seasonal variation of midday ¥y patterns may be driven by stomatal sensitivity to D
rather than declines in soil moisture (Novick et al ., 2019). To overcome these challenges for this study, the
degree of isohydricity was characterized by quantifying seasonal midday Wp variability with the assumption
that more anisohydric trees, which more readily allow ¥y, to drop in response to soil moisture decline and/or
increasing D , will have a greater seasonal range of WUy, than more isohydric trees. To minimize error associated
with uncharacteristic behavior during spring leaf out and fall senescence, ¥, data used for this analysis were
constrained to a period of relatively stationary leaf area index (days of year 150-270).

5.4 Xylem embolism vulnerability curves

Vulnerability to hydraulic failure was estimated with cavitation-induced embolism curves. The relationship
between the loss of stem hydraulic function and xylem water potential (¥y) (MPa) was measured on stem
tissues (n = 3-5) from 2-3 trees per species at each stand, resulting in 6-12 curves per species per stand, or
165 total curves. Vulnerability curves were generated using the air-injection technique (Sperry & Saliendra,
1994; Johnson et al ., 2016). Branches were harvested from the upper third of the canopy, and stem samples
720 cm in length were collected from the terminal bud of felled branches. Samples were stored at 5 °C
submerged in deionized water that was replenished daily and were measured within two weeks of collection.

We used a pressure flow meter (XYL’EM embolism meter, Bronkhorst, Montigny les Cormeilles, France)
to measure stem hydraulic conductivity (Kspem ) (kg mtst MPal), and a pressure sleeve (Scholander
Pressure Chamber model 1505D, PMS Instruments, Corvallis, OR, USA) to facilitate air-injection. Samples
were rehydrated by flushing native embolism in submerged deionized water under vacuum for 24+ hours.
Following rehydration, stem samples were exposed to positive air pressure in 0.5 to 1.0 MPa increments
until >85% reduction of maximum Kyiem (Kmez ) (kg mtst MPat) was reached or the applied pressure
approached instrument limitation. We then corrected Kgsep, to 20 °C to account for changing viscosity of
water with temperature (Ko ) (kg m™! s1 MPa!). The percent loss of conductivity (PLC) (%) at a given
applied pressure was calculated as:

PLC =100 x (1— £z ) (1)

max

The relationship between PLC and ¥y was then fitted to the sigmoid function provided by Maherali et al .,
(2006):

_ 100
PLC = mrmpam—o7(2)

where ¢ and b are empirical coefficients determined using nonlinear curve fitting (MATLAB, The Mathworks
Inc., Natick, MA, USA; v. R2018a). The fitted relationship was then used to calculate the ¥y at which 12%
PLC (P12) (MPa) and 50% PLC (denoted as b = P50) (MPa) occurred. The pressures at 12% PLC (P12 =
2/a + b ) were determined as described by Domec & Gartner (2001). The value P12, termed the air entry
point, is an estimate of the xylem tension at which the resistance to air entry of pit membranes within the
conducting xylem is overcome and cavitation and embolism begin.

While the air-injection method is commonly used to assess vulnerability to embolism (Sperry & Saliendra,
1994; Johnson et al ., 2016), measurement artifacts from destructive sampling, such as the presence of open
vessels, may over-estimate in-situ vulnerability (Martin-StPaul et al ., 2014). This bias may be particularly
important for species like @. alba , which has long xylem vessels that can reach up to several meters in length
(Cochard & Tyree, 1990). We therefore took multiple steps to minimize bias from open vessel artifacts. First,
we sampled young distal tissues from branch apices, which have relatively short vessels (Cochard & Tyree,
1990). Second, before curve generation, the presence of open vessels was checked using a modified infiltration
technique following Cochard et al . (2010), and samples with suspected open vessels were subsequently not
used for embolism curve measurements.

As a third step, we considered the shape of the vulnerability curve. It has been suggested that embolism
curves that are conspicuously “r” shaped are likely affected by open vessel artifacts, and that “s” shaped



curves more accurately represent in-situ vulnerability (Torres-Ruiz et al ., 2014; Skelton et al., 2018). We
defined an “s” shape curve as one that lost less than 7.5% of itsK,,q, as ¥, declined from 0 to -0.5 MPa
and screened our dataset to use only these curves for the subsequent analyses. We performed the analysis
at alternative cutoff thresholds of 3%, 5%, and 10% loss of K4 , but there were no noticeable effect on
the results. Comparing the “s” shaped data to the “r” shaped data for Q. alba and L. tulipifera showed
that “r” shaped curves tended to have statistically higher P12 and P50 than “s” shaped curves (Fig. 2). No
A. saccharum sample displayed “r” shape curves by our criteria. For species with more vulnerable xylem
tissues (e.g., Q. alba ), including both “s” and “r” shaped curves did not markedly change the estimated
P50 (Fig. 2f). Nevertheless, “r” shaped curves for any species were not included for subsequent analyses,
resulting in a total of 40, 56, 26 suitable “s” shaped curves for L. tulipifera ,Q. alba , and A. saccharum ,
respectively (or “74% of the original 165 curves).

5.5 Xylem anatomy

To understand how changes in xylem vulnerability are linked to variations in xylem anatomy, we measured
vessel lumen area and vessel density on transverse sections (740 pm diameter) extracted from stems of Q.
alba and L. tulipifera from the NC_W, IN, and NC_E chronosequence stands that were used for embolism
vulnerability measurements. Stem samples were softened by boiling in deionized water (Schweingruber,
2007) and sectioned by hand using a fresh razor blade. Before analysis under the microscope, the transverse
sections were dried in an oven at 150 °C. Slides from the NC_W and IN chronosequences were imaged with a
stereoscope and color camera at 150x magnification (Leica M205F, Leica DFC310FX, Leica Microsystems,
Heerbrugge, Switzerland). Vessel lumen area and density were then calculated using threshold balance ma-
nipulation and the analyze particle function of ImageJ v1.6 software (National Institutes of Health, USA)
(Scholz et al ., 2013). Slides from the NC_E chronosequence were photographed at 100x and 200x magnifi-
cations and analyzed using the Motic Images Advanced 3.2 software (Motic Corporation, Zhejiang, China).

5.6 Data processing and analysis

We investigated differences in P12 and P50 across species and stands (hypotheses 1 and 2) with a two-way
ANOVA, where species and stand age were fixed factors and region was a blocking factor. We compared
vessel density and lumen area between Q. alba and L. tulipiferastems with a two-way ANOVA, where species
and stand age were fixed factors. We removed region as a blocking factor because there was no significant
region or region interaction effect at p = 0.05. The relationships between xylem anatomy (e.g., vessel density
and vessel lumen area) and embolism thresholds (e.g., P12 and P50) were assessed with linear regression
within and across species.

We analyzed the relationship between embolism thresholds and isohydricity (hypothesis 3) in two ways.
First, we compared embolism thresholds between isohydric and anisohydric species using a two-tailedt -test.
Second, we investigated this relationship in the context of a hydraulic safety margin (Vsasety) (MPa). Safety
margins to P12 (Ygatety, p12) (MPa) and P50 (Vgatety, Pso) (MPa) were calculated using the following equation
(Domec & Gartner, 2001; Delzon & Cochard, 2014):

\I/safety = \I/L,min - \I/thresh (3)

where Up, min (MPa) is the minimum Uy, of a given species in a specific stand, and Winyesn (MPa) is mean
embolism threshold (e.g., P12 or P50) for the same species in the same stand. A negative Ugupe, suggests
a high level of xylem embolism, while a positive Wgater, suggests a window of safety from critical levels of
xylem dysfunction (Johnsonet al ., 2016). We then performed a linear regression between Wsatety and W,
interquartile range across species and stands.

All ANOVA analyses were performed at the o = 0.05 level and were followed by a Tukey post-hoc test for
significant main effects. Significant interaction terms were assessed by pairwise comparison of least square
means.

6. Results



6.1 Spatio-temporal variation in embolism vulnerability

We found little variation in embolism vulnerability across stands, though clear species differences were
observed. Across all stands, mean embolism thresholds were markedly different across species (Frqf,ddf =
149.87,p = 0.001 for P12, and F4f, 445 = 169.62,p = 0.003 for P50, Fig. 3). At the P50 threshold however, we
detected some variability arising from the interaction between species and age (Frqf,44r = 18.88, p = 0.017,
Table 2) and age and region (Fpqaf,q44r = 21.312,p = 0.016, Table 2). Specifically, we found that A. saccharum
P50 differed between young (15yo) and intermediate (35yo0) stands, although embolism vulnerabilities were
invariant across stand ages for Q. alba and L. tulipifera (Fig 4a). Additionally, across all species, young
stands (15yo) had more vulnerable xylem in the mesic NC_W chronosequence stands than in the drier IN
and NC_E stands; however, this pattern was not observed for the 35yo and 85yo age classes (Fig 4b). In
general, (). alba had the most vulnerable xylem whileA. saccharum had the least (Fig. 3). Mean P12 across
all stands were -1.09 MPa (SE = 0.06), -1.65 MPa (SE = 0.10), and -2.75 MPa (SE = 0.20) and mean P50
was -2.72 MPa (SE = 0.09), -3.91 MPa (SE = 0.12), and -4.77 MPa (SE = 0.18) for Q. alba, L. tulipifera,

and A. saccharum , respectively.
6.2 Relationship between xylem anatomy and embolism vulnerability

Xylem anatomy varied considerably between diffuse-porous L. tulipifera and ring-porous . alba . Tissues
of L. tulipifera consistently had smaller mean vessel lumen area (F,q4fqqr = 169.953, p = <0.001, Fig. 5)
and larger mean vessel densities (F,q4fq44r = 270.636, p = <0.001, Fig. 6) than Q. alba . Mean vessel lumen
area was not influenced by local climate or age (region, age, or interactions NS, Table 3).

Xylem anatomy had moderate explanatory power for tissue-level embolism vulnerability. Across species,
stems with larger vessel lumen area (Fig. 5d) and lower vessel densities (Fig. 6d) approached 50% loss of
hydraulic function at lower ¥, (R 2 = 0.335, p = <0.001 for lumen area, and R 2 = 0.268, p = <0.001 for
vessel density). Patterns with P12 were similar, but generally weaker than in relation to P50. Specifically,
tissues with larger mean vessel lumen area tended to approach 12% loss of hydraulic function at lower
U, relative to tissues with smaller mean lumen area (R 2 = 0.112, p = 0.005, Fig. 5b). Tissues with greater
vessel densities were generally more embolism-resistant at P12 (R 2 = 0.08, p= 0.019, Fig. 5b). However,
this pattern was contradicted by Q. alba , where stems with greater vessel densities were more vulnerable to
12% loss of hydraulic function (R 2 = 0.256,p = 0.002, Fig. 6b).

6.3 Diagnosing leaf water status and leaf hydraulic strategy

Seasonal midday ¥r, values were variable across species and stands, but in general, (). alba experienced a
lower overall midday Wy, and a broader range. Larger species-specific declines in midday Wy, occurred in the
more arid forest stands (e.g., NC_E chronosequence and MO), while the smallest occurred in NC 15yo (Fig.
7a). Leaf hydraulic strategy was primarily determined by species (Fpqf 44 = 22.20, p = <0.001), and no
influence of age on mean ¥y interquartile ranges were detected (age and age-species interactions NS). The
L. tulipifera and A. saccharum mean Yy, interquartile ranges were indistinguishable, but significantly lower
than Q. alba (Fig. 7b); mean ¥y, interquartile ranges across stands were 0.709 MPa (SE = 0.040), 0.358 MPa
(SE = 0.022), and 0.372 MPa (SE = 0.098) for Q. alba, L. tulipifera, and A. saccharum , respectively. Overall,
Q. alba displayed more anisohydric behavior whileL. tulipifera and A. saccharum were more isohydric.

6.4 PeAatovomn Betweev W,y peyvAatior avd vAvepaPiirty) to nYPdpavAis gatdlvpe

The most anisohydric species (Q. alba ) in our study possessed xylem that was more vulnerable to embolism
than the more isohydric species. This pattern was consistent at both P12 and P50, where Q. alba mean
embolism thresholds were significantly greater (p = <0.001 for P12 and P50, respectively) than the more
isohydricL. tulipifera and A. saccharum (Fig 8). Mean Wgateryp12 values were -1.77 MPa (SE = 0.166),
-0.35 MPa (SE = 0.078), and 0.63 MPa (SE = 0.319), and mean Wasety,p5o values were -0.147 MPa (SE =
0.196), 1.94 MPa (SE = 0.143), and 2.634 MPa (SE = 0.351) for Q. alba ,L. tulipifera , and A. saccharum
, respectively. Moreover, the degree of isohydricity (as defined by seasonal ¥pinterquartile range) was
strongly associated with risk of xylem dysfunction such that “60% of the variability in Wg,ety across stands



was explained by a tree’s relative ¥y, control (Fig. 9).

Across all stands, Wgagety values were smallest and often negative for ). alba , suggesting that (). albaoperated
at lower proportional level of its maximum hydraulic function relative to L. tulipifera and A. saccharum .
Likewise, estimated in-situ K values were consistently lower for (). alba than other co-occurring study
species. For example, in the NC_E chronosequence, where Wg,se, were often smallest, estimated in-situKiem
was 0.30 kg m'st MPa! (SE = 0.133) for Q. alba , accounting for a 67.1% reduction of K,,u; . By
comparison, estimated in-situ Kyenm forL. tulipifera and A. saccharum in these sites were 1.12 kg m™ s7!
MPa! (SE = 0.148) and 0.62 kg m™! s'!MPa™? (SE = 0.04) (accounting for a 18.79% and 7.02% reduction
of Kyap , respectively).

7. Discussion

We tested three hypotheses to assess variability and coordination of key plant hydraulic traits across ten
deciduous forest stands. We found little support for hypotheses 1 and 2; we observed that variation of
embolism vulnerability was better explained by species than intraspecific factors. While we detected some
region and age effects, variation in vulnerability was principally determined by the large species effect.
Additionally, our results did not confirm hypothesis 3, which predicted stricter ¥y, regulation would be
associated more vulnerable xylem. Contrary to the prevailing paradigm, we found that anisohydric Q.
alba possessed stem tissues more vulnerable to embolism than isohydric L. tulipifera and A. saccharum .
Moreover, we found that Q. alba had small or negative Wgusety, such that its anisohydric behavior likely
occurred with a substantial hydraulic cost.

7.1 Why were embolism thresholds invariant with climate and stand age?

We found little variation in hydraulic vulnerability across climate and age. This result, however, must be
reconciled with the body of work demonstrating vegetation’s capacity to acclimate xylem to pedo-climatic
conditions (Awad et al ., 2010; Durante et al ., 2011; Gea-Izquierdo et al ., 2012). The clearest trends of accli-
mation are often found in manipulation experiments (Beikircher & Mayr, 2009; Awad et al ., 2010). However,
surveys of hydraulic traits across species’ ranges have found these patterns more ambiguous (Martinez-Vilalta
et al ., 2009; Wortemann et al ., 2011; Charra-Vaskou et al ., 2012; Lamy et al ., 2014).

The similarity across climate observed here may be evidence that acclimation reflects a broader set of
morphological changes to the whole-plant hydraulic architecture, rather than simple adjustments to stem
xylem traits (Lamy et al ., 2014). Modifications to other drought-tolerant traits may therefore explain how
Q. alba, L. tulipifera , and A. saccharum establish dominance across diverse climate ranges. Such acclimation
may include modifications to leaf:sapwood area ratio (Addington et al., 2006; Martinez-Vilatlaet al ., 2009),
root:leaf area ratio (Sperry et al ., 2002), fine root turnover (Meier & Leuschner, 2008), or vulnerability of
root tissues (Alder et al., 1996; Wolfe et al ., 2016).

The absence of xylem acclimation with age/height may similarly reflect a reliance on morphological changes
to alleviate emerging hydraulic constraints as forests mature. As canopies grow in height, greater xylem
tension and pathlength resistance restricts hydraulic transport to canopy leaves (McDowellet al ., 2002;
Novick et al ., 2009). To cope with these constraints, species representing the extremes of tree height often
show strong patterns of increased stem embolism resistance with increased height in the canopy, indicative
of acclimation (Burgess et al ., 2006; Ambrose et al ., 2009). Although age effects on embolism thresholds
were minimal across stands, age also had little impact on ¥y, decline. Thus, age-related constraints may
have been mitigated through whole-plant adjustments that reduce damaging plant water potential gradients,
rather than increased xylem resistance.

7.2 The perplexing case of Q. alba

Our finding that Q. alba had the most vulnerable xylem was unexpected. Quercus species are often con-
sidered more drought tolerant than many co-dominants, attributed to their morphological and physiological
adaptations that allow them to withstand soil moisture deficits (Abrams, 2003). Our results complicate this
perspective. We found that Q. alba had particularly high P50 (consistent with previous work: Maherali et al



., 2006; Kannenberg et al.,2020) but were also more anisohydric (consistent with previous work: Thomsen et
al ., 2013, Roman et al ., 2015; Meinzer et al ., 2017). Additionally, we found that Wg,et, Was often negative
for Q. alba , suggesting these trees were remarkably vulnerable to drought.

The Ugatery is widely used to characterize risk of hydraulic dysfunction (Choat et al ., 2012; Delzon &
Cochard, 2014; Johnson et al ., 2016); however, its use as a predictor for drought-susceptibility must be
carefully evaluated. Drought-susceptibility is not explicitly determined by risk of xylem dysfunction, but in
the context of a plant’s ability to cope with hydraulic damage (Meinzer & McCulloh, 2013). It is widely
accepted that refilling of embolized conduits occurs in many species, especially ring-porous species (Brodersen
et al ., 2010; Ogasa et al ., 2013; Trifilo et al ., 2019; Zeppel et al ., 2019). Refilling could therefore explain how
Q. alba tolerates drought while possessing vulnerable xylem. Moreover, (). alba bears only a few hydraulically
active sapwood rings (<10), with the newest rings being the most efficient at moving water (Phillips et al .,
1996). Therefore, even without any xylem refilling, @. alba could potentially repair a 50% loss of conductivity
in fewer than five years just by the production of new yearly rings.

It is also not clear that Q. alba rely on the entire depth of sapwood to actively conduct water (Cochard &
Tyree, 1990). In a related study from IN 85yo, Yi et al . (2017) found that Q. alba’sinner sapwood conducted
a more significant fraction of water during drought, with water transport largely restricted to outer rings
during well-watered periods. It is important to note that our methods, and specifically the rehydration of
branches to flush native embolisms, permit an evaluation of the vulnerability of the entire sapwood depth
(not the portion thereof actively involved in water transport). Finally, internal water storage can also play an
important role in determining the relationship between leaf gas exchange and stem xylem traits. Ring-porous
species are known to use smaller amounts of stored water than diffuse-porous species because of their low
number of active rings (Kocher et al ., 2013). Additionally, @. alba has much higher wood density than
either L. tulipifera or A. saccharum, and species with greater wood density tend to have low capacitance
(e.g., Meinzer et al., 2008). Unlike L. tulipifera and A. saccharum that bear large sapwood volume and have
low wood density, the small water storage capacity of . alba cannot provide enough water to limit the
rapid drop in water potential due to stomatal water loss, which could also explain its anisohydric behavior
(Matheny et al ., 2015) .

More work will be necessary to disentangle the mechanisms contributing to the perplexing hydraulic behavior
of Q. alba , which are particularly important to understand in light of the long-term and ongoing decline of
eastern Quercus species (Fei et al. , 2011). Quercus decline has been attributed to numerous drivers including
fire suppression (Abrams, 2003), climate mesophication (McEwanet al ., 2011), and widespread failure of
regeneration and recruitment (Dey, 2014). Given the hydraulic behavior of Q. albaobserved in our study,
water stress may also be an important factor contributing to Quercus decline, particularly in the episodic
mortality events of mature individuals that are often preceded by drought (Clinton et al ., 1993; Wood et al
., 2018).

7.3 Conclusion

To mitigate hydraulic damage, many plant species adhere to a strict coordination between regulation of Wy,
and vulnerability to embolism. For common deciduous tree species growing in temperate eastern US forests,
we found that the extent of Uyregulation was not linked to vulnerability of xylem embolism. Specifically,
Q. alba, an anisohydric species, possessed xylem more vulnerable to embolism than the more isohydric L.
tulipiferaand A. saccharum . Moreover, this behavior was generally unaffected by spatio-temporal factors
such that coordination among traits were conserved at the species-level. These findings suggest species
growing in temperate ecosystems have drought-response traits that are coordinated in a fundamentally
different ways than arid climate vegetation. Ultimately, our understanding of plant-water relations may be
improved by further investigation into mechanisms which allow plants to tolerate or recover from xylem
dysfunction.
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10. Tables

Table 1. Climate and sampled tree species across the ten forest sites.

Region Stand Species Sampled Canopy Height (m) Soil Type Aridity Index Me
NC.W 15yo0 L. tulipifera, Q. alba 4.5 Fine-Loamy 1.478 180
35yo0 L. tulipifera, Q. alba 17
85yo L. tulipifera, Q. alba 35
IN 15y0 L. tulipifera, Q. alba 5 Silt Clay Loam 0.928 103
35yo0 L. tulipifera, Q. alba 20
85yo A. saccharum, L. tulipifera, Q. alba 30
NC.E 15yo0 A. saccharum 9.2 Gravelly-Loam  0.811 114
35yo A. saccharum, L. tulipifera, Q. alba 15.1
85y0 L. tulipifera, Q. alba 27.5
MO 85yo0 A. saccharum, Q. alba 18.5 Silt-Loam 0.744 986

Table 2. Summary statistics of test between subjects for vulnerability thresholds from two-way ANOVA
with species and age as fixed factors and region as a blocking factor.

16



Dependent Variable df Mean Square F p

Dependent Variable df Mean Square F p

Species P12 2 17.033 149.87 0.001
Age P12 2 0.46 0.40 0.702
Region P12 3 0.444 0.37 0.784
Species*Age P12 2 0.018 0.07 0.935
Species*Region P12 3 0.113 0.05 0.727
Age*Region P12 3 1.229 4.81 0.115
Species*Age*Region P12 3 0.255 0.61 0.611
Species P50 2 33.719 169.62 0.003
Age P50 2 0.545 0.49 0.656
Region P50 3 0.556 0.37 0.78

Species*Age P50 2 0.058 18.88 0.017
Age*Region P50 3 1.21 21.31 0.016
Species*Age*Region P50 3 0.057 0.10 0.959

Table 3. Summary statistics of test between subjects for xylem anatomy from two-way ANOVA with species
and age as fixed factors.

Dependent Variable df Mean Square F p
Species Vessel Lumen Area 1 1854153 169.95 <0.001
Age Vessel Lumen Area 2 2776 0.25 0.776
Species*Age Vessel Lumen Area 2 10909 0.04 0.958
Species Vessel Density 1 9617763 270.64 <0.001
Age Vessel Density 2 27053 0.76 0.471
Species*Age Vessel Density 2 35537 2.09 0.133

11. Figure Legends

Figure 1: Stand regions and moisture conditions across eastern United States deciduous forests. Aridity
index values are mean Aridity-Witness Index (calculated as the fraction of mean annual precipitation to
mean annual evapotranspiration) at 9 m spatial resolution from 1970-2000. Aridity index data were accessed
from the CGIAR-CSI GeoPortal at https://cgiarcsi.community (Trabucco & Zomer, 2009).

Figure 2: Assessing the bias from open-vessel artifacts. Panel (a) and (d) are individual Q. alba and L.
tulipifera embolism curves generated from samples collected in NC' 85yo, Panel (b) (¢) and (e) (f) are a
comparison of threshold means across all samples from a one-way ANOVA between Q. alba and L. tulipifera
respectively when partitioned by ‘r’ and ‘s’ shaped curves. Error bars are £1 otavdapd eppop og tne ueav.
Bapg vot onapwvy tne oaue Aetteps devote ayvigisavt Sippepevses at a = 0.05

Figure 3: Embolism thresholds across forest stands. Panel (a) and (b) are mean P12 and P50 values (
+SE), respectively. Numbers above bars are sample size. Groups of bars not sharing the same uppercase
letters denote significant differences among species determined by a two-way ANOVA with species and age
as fized factors and region as a blocking factor (Table 2).

Figure 4: Test of simple effects of significant interaction terms from two-way ANOVA by pairwise comparison
of least square means. Panel (a) is least square mean P50 ( £SE) across forest ages for each species. Panel
(b) is least square mean P50 ( £XE) agpoog snpovooexverge peyiovs pop easn gopeat aye. I'pours op Paps
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V0T ONaPVy TNE OaE UTTEPSATE AETTEPS OEVOTE ONVIPISAVT DIPPEPEVSES 0@ Hay €@ests at a = 0.05. ity
Ypours, Paps votT anaptv’y tne oape AowepSace ATTeps devote onyvipisavt Oippepevses at a = 0.05.

Figure 5. Mean xylem lumen area ( £SE) of Q. alba and L. tulipifera samples across chronosequences (Panel
(a)) and age (Panel (c)). Groups of bars not sharing the same uppercase letters denote significant differences
(p [?] 0.05) between species, while bars within groups not sharing letters denote differences within species
among ages or chronosequences from a two-way ANOVA with species and age as fized factors. Panels (b)
and (d) show the relationship between mean lumen area and mean specific embolism threshold of individual
trees assessed by linear regression. Lines are best fit from linear regression when slope is significant (p [?]
0.05).

Figure 6: Mean vessel density ( £SE) of Q. alba and L. tulipifera and samples across chronosequences (Panel
(a)) and age (Panel (c)). Groups of bars not sharing the same uppercase letters denote significant differences
(p [?] 0.05) between species, while bars within groups not sharing letters denote differences within species
among ages or chronosequences from a two-way ANOVA with species and age as fized factors and region as
a blocking factor (Table 2). Panel (b) and (d) show the relationship between mean lumen area and mean
specific embolism threshold of individual trees assessed by linear regression. Lines are best fit from linear
regression when slope is significant (p [?] 0.05). Solid lines are best fit across species and dashed line is at
the species-level.

Dryupe 7 Middbayp Aeap watep motevtiad (W) oBoepatiovs agpoos omesies avd otavds.  ITaved (a) 1g
YA vTep) VepTINE pavye v eagn peomestie otavd. Bo&-mdots onow tne uediav (pubdAe Awve), wrepyvaptide
pavye (Bo&), avd pa&ipvp/uipun adve (wmokeps), eEgent wnepe alves €£Geed 1.5 TileS TNE W TEPYUAPTIAE
pavye (towts). NuuBeps afoe Bokes ape oaunde oile. Ilavel (B) 1§ peav wrepyvaptire pavye ( £XE) pop eagn
omesies. Bapg vot onapivy tne oaue unmepgaoe AETTEPS OeVOTE OLYMIPISAVT BIPPEPEVSES agpoas ameQles B a
two-wa) ANOA witn onegies avd aye as ¢giEed pagtops.

Dryupe 8: Awpgepervses Betweev 1oonhdpis Penaiop avd epfoliop tnpeonodds. Ioonhdpis onesies ape A. tvlimi-
pepa avd A. oassnapup. Avicompdpis omeqies ape X. alBa. Ilavek (a) avd (§) ape peav 112 avd I150 alves (

+XYE), peonestieli). Bapg vot onapivy tne oajie Unnepsace Aetteps devote onvigisart dippepevses (mt [;] 0.05)
QPO TWO-TAIAED T-TEOT.

Pryupe 9: Pedatiovomn Betweev Wogpery avd Wp wrepyvaptide pavye. Ilaved (a) s oapetyh papyw at I112 avd
ITavel (B) 1g oapetth uapyrv at I150. XoAib Aves ape Peot @it Aiveap peypesoior agpo0s OTEGES WNEY TAOTE 1§

opyvigisave (t [;] 0.05).
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Figure 1. Stand regions and moisture conditions across eastern United States deciduous forests. Aridity
index values are mean Aridity-Witness Index (calculated as the fraction of mean annual precipitation to mean
annual evapotranspiration) at 9 m spatial resolution from 1970-2000. Aridity index data were accessed from
the CGIAR-CSI GeoPortal at https://cgiarcsi.community (Trabucco & Zomer, 2009).
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Figure 2. Assessing the bias from open-vessel artifacts. Panel (a) and (d) are individual Q. alba and
L. tulipiferaembolism curves generated from samples collected in NC 85yo, Panel (b) (c) and (e) (f) are a
comparison of threshold means across all samples from a one-way ANOVA between Q. alba and L. tulip-
iferarespectively when partitioned by ‘r’ and ‘s’ shaped curves. Error bars are +1 standard error of the
mean. Bars not sharing the same letters denote significant differences at o = 0.05.
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Figure 3. Embolism thresholds across forest stands. Panel (a) and (b) are mean P12 and P50 values (+SE),
respectively. Numbers above bars are sample size. Groups of bars not sharing the same uppercase letters
denote significant differences among species determined by a two-way ANOVA with species and age as fixed
factors and region as a blocking factor (Table 2).
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Figure 4. Test of simple effects of significant interaction terms from two-way ANOVA by pairwise compar-
ison of least square means. Panel (a) is least square mean P50 (+£SE) across forest ages for each species.
Panel (b) is least square mean P50 (£SE) across chronosequence regions for each forest age. Groups of bars
not sharing the same uppercase letters denote significant differences of main effects at o = 0.05. Within
groups, bars not sharing the same lowercase letters denote significant differences at o = 0.05.
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Figure 5. Mean xylem lumen area (£SE) of Q. albaand L. tulipifera samples across chronosequences (Panel
(a)) and age (Panel (c)). Groups of bars not sharing the same uppercase letters denote significant differences
(p [?] 0.05) between species, while bars within groups not sharing letters denote differences within species
among ages or chronosequences from a two-way ANOVA with species and age as fixed factors. Panels (b)
and (d) show the relationship between mean lumen area and mean specific embolism threshold of individual
trees assessed by linear regression. Lines are best fit from linear regression when slope is significant (p [¢/

0.05).
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Figure 6. Mean vessel density (£SE) of Q. alba andL. tulipifera and samples across chronosequences (Panel
(a)) and age (Panel (c)). Groups of bars not sharing the same uppercase letters denote significant differences
(p [?] 0.05) between species, while bars within groups not sharing letters denote differences within species
among ages or chronosequences from a two-way ANOVA with species and age as fixed factors and region as
a blocking factor (Table 2). Panel (b) and (d) show the relationship between mean lumen area and mean
specific embolism threshold of individual trees assessed by linear regression. Lines are best fit from linear
regression when slope is significant (p [¢] 0.05). Solid lines are best fit across species and dashed line is at
the species-level.
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Figure 7. Midday leaf water potential (¥p) observations across species and stands. Panel (a) is
U interquartile range in each respective stand. Box-plots show the median (middle line), interquartile
range (box), and maximum/minimum value (whiskers), except where values exceed 1.5 times the interquar-
tile range (points). Numbers above boxes are sample size. Panel (b) is mean interquartile range (+SE) for
each species. Bars not sharing the same uppercase letters denote significant differences across species by a

22



two-way ANOVA with species and age as fixed factors.
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Figure 8. Differences between isohydric behavior and embolism thresholds. Isohydric species are L. tulip-
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