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3. We found a large range of variation in hydraulic traits across species; however,
they did not closely capture the magnitude of growth declines during drought.
Among larger trees (210 cm diameter at breast height—DBH), some tree species
with high xylem embolism vulnerability (P;) and risk of hydraulic failure (SMy)
experienced substantial growth declines during drought, but this pattern was
not consistent across species. We found a trade-off among species between
drought avoidance (capacitance) and drought tolerating (P.) in this tropical forest
community. Hydraulic strategies did not align with successional associations.

Instead, some of the more drought-vulnerable species were shade-tolerant
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1 | INTRODUCTION

Severe droughts have led to tree growth reductions and widespread
plant mortality across many ecosystems, including tropical forests
(Aleixo et al., 2019; Allen et al., 2015). Tropical forests account for
the majority of terrestrial above-ground biomass (Pan et al., 2011) and
growth declines and high tree mortality during drought could lead to
large carbon losses to the atmosphere, turning these ecosystems from
a carbon sink to a source and creating a positive feedback to climate
warming (Feng et al., 2018; Gatti et al., 2014). Since natural drought
events are anticipated to become more severe and last longer as the
climate continues to change (Chadwick et al., 2016; Duffy et al., 2015;
Feng et al., 2013), growth declines and high rates of tree mortality are
likely to persist and even rise (Brodribb, Powers, et al., 2020).

Increases in tree mortality and growth declines have been associ-
ated with severe drought across several neotropical forests (Bretfeld
et al.,, 2018; Engelbrecht et al., 2006; Leitold et al., 2018; Powers
et al., 2020; Umana & Arellano, 2021; Uriarte et al., 2016), which are
expected to be exposed to increasing drought frequency and sever-
ity (Kooperman et al., 2018; Neelin et al., 2006). Even relatively short
periods of decreased rainfall (210days with no rainfall) during the
wet season can increase seedling mortality (Engelbrecht et al., 2006).
Drought impacts, however, differ among species and depend on
species' hydraulic and functional traits. Pioneer and fast-growing
tree species have physiological characteristics that may make them
more vulnerable to drought (Bazzaz & Pickett, 1980; Greenwood
et al., 2017; Lohbeck et al., 2013). For early-successional tree spe-
cies, high rates of hydraulic conductance have been linked to leaf and
wood functional traits that support the high rates of photosynthe-
sis and transpiration, but also increase the risk of xylem embolism
under drought (Aleixo et al., 2019; Markesteijn, Poorte, et al., 2011;
McCulloh et al., 2011; Santiago et al., 2004). Shade-tolerant species
with more conservative strategies (e.g. higher wood density) tend to
be more drought resistant (Powers et al., 2020; Uriarte et al., 2016).
However, responses of shade-tolerant species to drought are variable
and not well understood. Since the majority of tree species in tropical
rainforests are shade tolerant, our ability to forecast the likely impacts
of increasing drought severity on tropical forest composition remains
limited. Gaining a greater understanding of how tropical forests re-
spond to drought requires a deeper understanding of species-level
drought resistance within diverse communities.

To understand species-level vulnerability to drought, it is necessary
to examine hydraulic traits, as these mediate responses to environ-
mental conditions including drought events (Griffin-Nolan et al., 2018).

dominants in the community, suggesting that a drying climate could lead to shifts

in long-term forest composition and function in Puerto Rico and the Caribbean.

hydraulic safety margins, optical xylem vulnerability technique, plant functional traits, plant
hydraulic traits, shifting rainfall patterns, tropical ecosystems, tropical forests community
composition, tropical trees and palm, xylem cavitation, xylem embolism

Species may have different strategies for surviving drought (Pivovaroff
et al., 2014; Pockman & Sperry, 2000; Santiago et al., 2018), but see
Gleason et al. (2016) and Liu et al. (2021). One strategy (capacitance)
is to store water in tissues that can then be released during transpi-
ration to avoid drops in xylem water potential (¥,) during drought
(Goldstein et al., 1998; Meinzer et al.,, 2003; Santiago et al., 2018;
Zieminska et al., 2020). A second strategy is to minimize the risk of hy-
draulic failure by regulating stomatal closure (i.e. turgor loss point, Py
Bartlett et al., 2016; Rodriguez-Dominguez et al., 2016; Martin-StPaul
et al., 2017). A third strategy is to be able to function under low v,
without risking air embolisms in the xylem, which block the movement
of water (Sperry et al., 1988; Tyree & Sperry, 1989). Fourth, larger mar-
gins from the point when a plant closes its stomata or loses turgor in its
leaves to when a plant has lost 50% of its water-conducting capacity
due to xylem embolism (P), a metric known as safety margins (Choat
et al., 2012; Martin-StPaul et al., 2017; Powers et al., 2020).

Species within a community will likely employ a combination of
strategies to cope with drought. For example, greater water storage
capacity has been associated with more efficient xylem but higher
turgor loss point, whereas lower capacitance is associated with
lower turgor loss point, high xylem safety and low xylem efficiency
(Pivovaroff et al., 2018; Santiago et al., 2018), implying a trade-off
between hydraulic safety and efficiency. Species with strategies
associated with greater resource acquisitive tend to have traits as-
sociated with hydraulic efficiency whereas conservative species fa-
vour hydraulic safety (Reich, 2014). Nevertheless, linking different
hydraulic strategies to performance under drought requires coupling
species-level hydraulic trait measurements with performance (e.g.
growth, mortality) during a drought event, which few studies have
done for tropical forests.

Natural drought events offer unique opportunities to under-
stand how hydraulic strategies translate into demographic perfor-
mance during drought. Here, we take advantage of a severe drought
in Puerto Rico in 2015 to examine the relationship between species
hydraulic strategies and performance during drought in a wet tropi-
cal forest. To do so, we couple targeted hydraulic trait measurements
for 12 dominant species representing ~50% of the forest basal area
with growth data to address the following questions:

Q1. To what extent can hydraulic traits predict growth during
drought? We expected that species with more hydraulically vul-
nerable xylem and narrower safety margins would grow less during
drought.

Q2. How does successional association relate to the levels of
vulnerability to drought and hydraulic strategies? We predicted that
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early- and mid-successional species would exhibit more acquisitive
strategies, making them more susceptible to drought than shade-
tolerant species.

Q3. What are the different hydraulic strategies employed by
species and are there trade-offs between drought avoidance and
drought tolerance? We anticipated that species with greater water
storage capacity (drought avoidance) would have leaves that lose
turgor at higher xylem water potential and be less resistant to embo-

lism forming in their xylem (drought tolerance).

2 | MATERIALS AND METHODS
2.1 | Study site and species selection

This study was conducted at Luquillo Experimental Forest (LEF) in
north-eastern Puerto Rico. The permit to conduct research at the LEF
is special use permit CNF-2047 authorized by the US Department of
Agriculture Forest Service, El Yunque National Forest. The LEF is
classified as an evergreen subtropical wet forest in the Holdridge life
zone system (Ewel & Whitmore, 1973). Although land use was exten-
sive when the US Forest Service acquired the land in 1932, the ma-
jority of the forest is considered old growth (Thompson et al., 2002).
Current forest age ranges from >35years to >80years (Schwartz
et al., 2020). Mean annual rainfall is 3700mm. In 2015, rainfall was
only 2035mm, the second lowest on record since 1975 (Figure 1;
Schwartz et al., 2020). For our study, we selected 11 tree species

and one palm species that encompass many of the dominant species
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at this site, are common in wet forests throughout Puerto Rico and
represent 50-60% of the basal area depending on the census of the
16-ha Luquillo Forest Dynamics Plot (18°20’'N, 65°49'N) located in
LEF (Table 1; Thompson et al., 2002).

2.2 | Hydraulic traits

We sampled individual trees between 250 and 550 m. For each spe-
cies, we measured hydraulic traits on 5-13 mature canopy trees with
a diameter at breast height (DBH) 28 cm (Table S1). We collected
canopy branches that were >1.5 m long with a pole pruner, imme-
diately sealed branches in large plastic bags with wet paper towels,
placed them in large black plastic garbage cans with water, recut the
branches under water and kept them covered with black plastic bags
to minimize evapotranspiration until further processing. All branches
were collected in the morning between 7:00 and 9:00am local time.
At the end of each collecting trip, we immediately took samples to
the laboratory where we conducted the hydraulic measurements.
All hydraulic measurements were conducted between July 2019 and
August 2020.

2.2.1 | Leaf turgor loss point and leaf and stem
capacitance

We characterized leaf turgor loss point and water storage capac-

ity of leaves and stems using pressure-volume curves. To do so, we

Jan Feb Mar Apr May Jun

Jul Aug Sep Oct Nov Dec
Date

FIGURE 1 Cumulative daily rainfall at El Verde Field Station in the Luquillo experimental Forest. The black line shows 1975-2016 mean
cumulative rainfall, the grey-shaded area represents mean cumulative rainfall plus/minus one standard deviation and dashed lines show

cumulative rainfall for 2014, 2015 and 2016.
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TABLE 1 Species used in this study,

. . Basal area their families and the forest successional

Species Code Family Success. (%) R .
stage at which they predominantly

Alchornea latifolia ALCLAT Euphorbiaceae early 1.43-1.95 occur—early-successional (early), mid-

Casearia arborea CASARB Flacourtiaceae mid 2.99-4.94 successional (mid) and late-successional
late), and th f th t of th

Cecropia schreberiana CECSCH Moraceae carly 3.87-6.54 (late), and the range of the per cent of the
total basal area of each species across

Cordia borinquensis CORBOR Boraginaceae late 0.10-0.25 six censuses of the 16-ha Luquillo Forest

Dacryodes excelsa DACEXC Burseraceae late 12.04-16.82 Dynamics Plot

Drypetes glauca DRYGLA Euphorbiaceae late 0.38-0.73

Inga laurina INGLAU Fabaceae mid 3.07-5.25

Micropholis guyanensis MICGUY Sapotaceae late 0.01-0.02

Ocotea leucoxylon OCOLEU Lauraceae late 0.60-0.94

Prestoea acuminata var. PREMON Arecaceae mid/late 13.44-24.44

montana

Sloanea berteroana SLOBER Elaeocarpaceae late 2.72-3.85

Tabebuia heterophylla TABHET Bignonaceae late 1.24-2.67

Total 50-60%

used the bench dry method described by Tyree and Hammel (1972).
For leaves, we let the branch rehydrate overnight, excised a mature
fully expanded healthy leaf from the branch with a sharp razor blade
and immediately sealed it in a Whirl-Pak bag (Whirl-Pak). As leaves
dehydrated, we periodically measured water potential (¥) with a
Pressure Chamber Instrument (PMS Instrument Company) and leaf
weight. We continued to measure the leaves until 1/%¥ and water loss
became linear. Finally, we dried the leaves in an oven at 65°C for at
least 72h and weighed them to obtain leaf dry mass. We used Sack
and Pasquet-Kok (2011) spreadsheet tool to construct pressure-
volume curves from which we extracted leaf turgor loss point (‘Pt,p)
and leaf capacitance at full turgor (Cy, |-

For stems, we excised ~1-1.5 m long intact terminal branches
immediately after the samples were brought back from the field, re-
moved all the leaves, and sealed any cuts in the bark with Parafilm
sealing film (Bemis Company). As the branch dehydrated, we used
a stem psychrometer (ICT International) to record water potential
every 10 min and periodically weighed the branch. To attach the
stem psychrometer, we removed a small section of bark from the
branch and clamped the psychrometer to the exposed xylem and
created an air-tight seal with Parafilm sealing film. We continued
to measure the branches until 1/¥ and water loss became linear.
Finally, we oven-dried the branches at 65°C for a week and weighed
them to obtain dry mass. We used the Sack and Pasquet-Kok (2011)
tool to construct pressure-volume curves from which we extracted

stem capacitance at full turgor (C Because of its stem anat-

ft,stem)'
omy, we were unable to obtain stem capacitance data for the palm,

Prestoea acuminata var. montana.

2.2.2 | Leaf and stem optical vulnerability curves

We used the optical vulnerability (OV) technique to estimate
xylem embolism accumulation in leaves and stems as described by

Brodribb et al. (2016) and Brodribb et al. (2017). Briefly, for each
branch immediately after it was brought back from the field, we se-
cured a leaf and a small distal stem (~3-6 mm in diameter depend-
ing on the species) inside a custom-built three-dimensional printed
clamp (OpenSourceOV—0OSOV) fitted with a small 8-megapixel
Raspberry Pi camera and six bright light-emitting diodes operated
by a Raspberry Pi microcomputer. Details of materials and instruc-
tions for construction, image capturing and post-image processing
using OSOV clamps are explained in detail at http://www.opens
ourceov.org. For the stems, we carefully removed a small area of
bark (~2 cm?) from a small distal branch with healthy foliage to ex-
pose the xylem. We then applied adhesive hydrogel (Tensive) to the
exposed xylem to reduce surface reflection and aid light penetra-
tion into the xylem, covered the area with a round glass coverslip
and secured the branch in the OSOV clamp. Once the leaf and stem
were secured in the clamps, we took a picture every 2 min until no
embolism events were recorded for at least 12h (~72-96 h depend-
ing on the species). While the branches were drying, we used stem
psychrometers to measure water potential every 10 min. Because of
their stem anatomy, we were unable to obtain optical vulnerability
data for stems of Cecropia schreberiana and the palm, P. acuminata
var. montana. We chose to use the OV technique as it has been
validated in many studies for many species and can be used si-
multaneously on leaves and stems (Brodribb et al., 2016; Brodribb
et al., 2017; Brodribb, Carriqui, et al., 2020; Gauthey et al., 2020;
Guan et al., 2021; Johnson et al., 2020; Pereira et al., 2020; Skelton
et al., 2018; Smith-Martin et al., 2020).

We used ImagelJ software (National Institutes of Health, USA) to
analyse the pictures of leaf and stem embolisms following Brodribb
et al. (2016) and Brodribb et al. (2017). Briefly, we stacked all the
images and converted them to 8-bit grayscale with pixel values rang-
ing from black (0) to white (255). Each image was subtracted from
the next image in the sequence to reveal embolisms that appear as
changes in light intensity (differences in pixel values). We removed
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differences in pixels due to noise or artefacts (e.g. sample move-
ments or shrinkage) using both the remove outlier function in Image)
and manually. Embolism accumulation in each stem was quantified
as a cumulative total of embolized pixels in each image divided by the
total number of embolized pixels in the fully dried sample. To deter-
mine the water potential at the time of image capture (¥,), we fitted
a linear regression to the water potential measurements over time
and extracted the values at which 50% of the cumulative embolisms
had occurred (PSO). We calculated this for both leaves (leaf Pso) and
stems (stem P,; Figures S1, S2 and S3). Full details of the procedure,
including an overview of the technique, image processing, as well as
ImageJ scripts, are available at http://www.opensourceov.org.

2.3 | Stem growth data

Stem growth data were collected in four forest plots, which are lo-
cated at the edges of El Yunque National Forest (Table S2). These
plots range in size from ~0.5 to 1 ha and vary in elevation from
~150m to 550 m a.s.| (Schwartz et al., 2020). All stems >1 cm DBH
have been mapped using standard protocols (Condit, 1998), identi-
fied to species and diameters were recorded annually between 2013
and 2016.

2.4 | Data analysis
241 | Stem growth

To quantify the impact of drought on annual growth, we used the
ratio of growth (drought growth ratio) during the drought year
(2015) to a non-drought year (2014). We selected these years to
avoid potential lag effects of drought for the 2016 census. For each
individual stem and year, we calculated relative growth rate (RGR)
as follows:

rer o M(DBH:) —In(DBH,) W
t2 _tl

Size distributions and growth rates differ substantially among
species and can obscure interannual differences driven by climate. To
standardize growth rates among species and facilitate comparison, we

calculated z-scores (Z,. s) for all individuals across all years as:

X —
Z. = JisTHs 2)

is
Os

where X,.YS is RGR of individual i in species s, u, is the species-level mean
RGR and ¢, is the species-level standard deviation.

We used these standardized measurements for each stem to cal-
culate the ratio of RGR during the drought year (2015) relative to an
average, non-drought year (2014). We then calculated mean annual
drought growth ratio per species for individuals with a DBH<10cm

and another for DBH >10cm (Table S3). Values <1 indicate that a
species grew less during the drought than the non-drought year.
We used linear regression to determine if there was a correlation
between the drought growth ratio with measured hydraulic traits.
We also used linear regression to determine if there was a correla-
tion between absolute annual diameter growth for the years 2014
(non-rainfall deficit year), 2015 (rainfall deficit year) and 2016 (post

rainfall deficit year) with measured hydraulic traits.

2.4.2 | Hydraulic traits

We calculated safety margins in leaves (SMPSO,Ieaf) and stems
(SMPSO,stem) as the difference between leaf turgor loss point (‘I‘tlp)
and the water potential at which 50% of total embolisms had oc-
curred as defined by Martin-StPaul et al. (2017):

SMpsp = yp — Pso (3)

To determine if there were differences in hydraulic traits among
species and successional life-history strategies, we used type-Il anal-
ysis of variance using the car package followed by post hoc Tukey's
HSD tests that we conducted with the EMmeaNs package. To evaluate
if there was a trade-off between the different hydraulic traits, we
fitted linear regressions. We performed all analyses using R statisti-
cal software (Version 4.1.1; R Core Team, 2021). Data are available at
the Dryad Digital Repository: https://doi.org/10.5061/dryad.fn2z3
4tzd (Smith-Martin et al., 2022).

3 | RESULTS

3.1 | Weak association of growth reduction with
hydraulic traits

There was a weak association between declines in growth for larger
trees (DBH 210cm) during the 2015 drought and xylem embolism
resistance and vulnerability to hydraulic failure. Specifically, we
found a significant but noisy association between the drought
growth ratio and leaf and stem P, as well as leaf and stem SM,; s
in large trees but not in small ones (Figure 2; Table S4). These
significant associations were mostly driven by one species, M.
guyanensis, which was the most drought-resistant species. Large
individuals of this species had above-average growth during
the 2015 drought. None of the other hydraulic traits that we
measured were associated with growth reductions during drought
(Table S4). Nevertheless, most species experienced a decline in
growth during the drought. However, small trees of S. berteroana
and to a lesser degree small trees of A. latifolia and large trees
of M. guyanensis grew more in 2015 drought year. We found no
statistically significant association between leaf P, (Figure S4)
and SM_z,s (Figure S5) with absolute annual diameter growth
for the years 2014, 2015 and 2016 of both small and large trees.
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Yet absolute annual diameter growth of small and large trees was
lower during the 2015 rainfall deficit year than in the year before

and the year after (Figures S4 and S5).

3.2 | Variation in hydraulic traits across species and
successional association

Turgor loss point (¥, ) had low but significant variation across spe-

)
cies (Figure 3a; Tablg S5). The two early-successional species had
high ‘Ptlp values, as expected, but so did the late-successional spe-
cies, Cordia borinquensis. However, while mid-successional species
had the lowest Py, values as a group, the range of variation across
mid- and late-successional species was high (Figure 3a; Table Sé).
Interestingly, Casearia arborea, a mid-successional species, had the
lowest Py

Species also exhibited large variation in water storage capacity
in both leaves and stems (Figure 3b,c; Table S5). Overall, early-
successional groups had higher capacitance than mid- and late-
successional ones (Table Sé). The early-successional species C.
schreberiana and the late-successional species C. borinquensis had

the highest leaf capacitance followed by the palm P. acuminata, a

mid- to late-successional species (Figure 3b). The mid-successional
species, Casearia arborea, and the late-successional species
Dacryodes excelsa, Drypetes glauca and Micropholis guyanensis
had some of the lowest leaf water storage capacitance, leading
to no clear difference between mid- and late-successional groups
(Table Sé).

On average, stem capacitance was highest in the early-
successional group, followed by the late-successional group, while
the mid-successional group had the lowest (Figure 3c; Table S6). The
early-successional species Alchornea latifolia had the greatest stem
water storage capacity followed by the late-successional species
D. excelsa. The mid-successional species C. arborea had the lowest
value and the mid-successional group had the lowest values overall
(Table Sé).

Resistance to embolism formation and thus, xylem drought tol-
erance, was also highly variable, with only early-successional species
being more vulnerable but with no distinct patterns between mid-
and late-successional groups (Figure 3d,e; Tables S5 and Sé). The
two early-successional species and the late-successional species
D. excelsa had the least embolism-resistant leaves and stems. The
late-successional species, M. guyanensis, was the most embolism-
resistant species overall.

9SUAOIT SUOWIO)) dANEAI)) dqedrdde oY) £q pauUIdA0S a1 SI[ONIR Y 3SN JO SA[NI 10] AIRIQIT AUIUQ) AJ[IA\ UO (SUONIPUOI-PUL-SULIA)/ WO KIIM" ATRIQI[AUI[UO//:5d)T) SUONIPUO)) PuB SWId T Y 99§ “[7Z07/T1/70] U0 ATe1qry aurjuQ A9[IAN ‘SoLIeIqIT ANSIOATUN) BIqUINOD) Aq SETHT SEHT-S9ST/T 111 01/10p/wod Ka1m" A1eIqr{aur[uo s[ewnolsaqy//:sdny woiy papeojumo( ‘0 ‘SeHzs9<T



SMITH-MARTIN €T AL. Functional Ecology 7

@ a (b) P C .
a .
abc cd
bed
0.15 - 044 f
de '
154 o ~~def
1.5 ~ ~— defef
© ) '© — D bch '© i
T P S & % 0.3 bede- q
cde
3 - * | S o10|—a— . < abe o
o k] L]
= 204 3 2 024 abcd®
- & P aab e
@) @) .
. = e
° J
vos-.! 01
251 ° °
= O~ D> > > Q Q> 0k >>K Q > ~ > > O &
S55<RLISE3EQIL IE3I8<QILLESS E303ILERSELS
N AWIT J003S I QO< OCSOWAHAIIIQAS N Q < O I g0 309 WA
$522828988¢2 $2823328888¢¢ 28882:988¢%
S8<X3FrS3Sa%sa83d SOS3<NesSFaESS SEFR8Sa®305d83dF
(d) (e) ()
a
44 f
-1 —b— —bc— -1 — O —
—=ab=abc
<21 W @-Z-E ~ped= =
= i.l. s e %
é 34 de=—€— <= 34 cde e =
8 3 3
o ] o =
T 4 ° g 44 7
(0] - [
- 2 . 3
5 5 -
-6 6
I S U I A S S s I A S A IR
S5R<3ISELIES TS IDLTLSIES S5R3IIIGLSEIS
HWASITaIaI OO W J 3 a g <o HWSEdIFTaITqgqsO®o
de3p2EgoRcde 3¢28g8k¢gi $9B388928%¢¢
§3<fE=<Zoarads S3d=<omr8ad s S3f<o=Br3834q%
(9)
4-
$ early - mid - late-successional
3-
~~
©
o
2 2
§ — ) c—
[ ]
B 1
N
(/)0' )
L
TR < ILLIESS
S W d 9 X O < a o
3¢3288:25¢
53 <=3 ragd Q8=
FIGURE 3 (a) Leaf turgor loss point (‘Pt,p); (b) leaf capacitance at full turgor (C . leaf); (C) stem capacitance at full turgor (Cft stem)> (d) l€af Pgy,

(e) stem Py, (f) leaf safety margins (SMy, \..) and (g) stem safety margins (SMpsq i.,) for all measured species. Letters indicate significant
(p<0.05) differences among groups based on Tukey's HSD tests. Box plot midlines show medians; box edges, first and third quartiles; and
whiskers, minima and maxima. Points show outliers. Species codes in Table 1.

Species safety margins (SMp) also exhibited a broad range thresholds that are very close to hydraulic failure, making them
of variation, with significant differences among species for both highly susceptible to droughts. Specifically, A. latifolia, D. excelsa, .
stems and leaves (Figure 3f,g; Tables S5 and Sé). Several species laurina, Ocotea leucoxylon, P. acuminata and Sloanea berteroana all

had very low (i.e. <1MPa) SM_s, indicating that they operate at had SM,;, < 1MPa (Figure 3f,g). While C. arborea, C. borinquensis, D.
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glauca and T. heterophylla had SM,;,>1MPa, and M. guyanensis had
the highest with both leaf and stem SM,.,s of 2.3MPa (Figure 3fg).
The pioneer C. schreberiana was the only species that we measured
that exhibited a slightly negative SM,,;, suggesting that it is particu-
larly vulnerable to severe drought.

3.3 | Hydraulic strategies

There was a trade-off between traits associated with drought avoid-
ance and traits associated with drought tolerance. Drought-avoiding
species (i.e. higher leaf and stem capacitance) were also more vul-
nerable to embolisms (i.e. higher P Figure 4e,f). Species with lower
‘{’ﬂp had lower Leaf P, values (Figure 4c¢), but there was no clear
trend with Stem P, (Figure 4d). There was not a robust association
between ‘I’ﬂp and capacitance (Figure 4a,b). As expected, early-
successional species tended to be drought avoiders. In contrast, hy-
draulic strategies for mid- and late-successional species fell along

a gradient from more drought avoidant to more drought resistant.

4 | DISCUSSION

We examined hydraulic traits and growth declines during a drought
for 12 common woody species in a wet tropical forest community.
We found a large range of variation in hydraulic traits across species.
Most species experienced a decline in growth during the drought.
However, hydraulic traits were not robust predictors of observed
growth declines. Hydraulic strategies also failed to clearly align with
successional association. Although early-successional species were
less drought tolerant (less negative P5o smaller SMPSO) as expected,
several dominant mid- and late-successional species also had low
drought tolerance. The most drought-tolerant species were not
dominant in the community, suggesting that sustained and increas-
ing drought frequency and severity could lead to shifts in species
dominance with potential implications for long-term forest composi-
tion under a drying climate. Our analyses also uncovered a trade-
off among species between drought avoidance (capacitance) and

drought tolerance (P,) in this tropical forest community.

4.1 | Hydraulic traits were not a robust predictor of
growth reduction during drought

Plant hydraulic traits are important drivers of drought-induced
mortality in many ecosystems (Anderegg et al., 2016; Johnson
etal.,, 2022; Powers et al., 2020). However, we did not find a clear link
among all species between hydraulic traits and growth declines dur-
ing drought. Among larger trees, some of the more drought-resistant
species did not reduce their growth as much as the less drought-
resistant ones, which was the case for M. guyanensis, but this was not
true for all species. This result suggests that while hydraulic traits, in
particular P, and safety margins, may be linked to drought-induced

mortality, this link may be less clear for growth reductions, at least
in our site. Under non-drought conditions but across a water avail-
ability gradient in a Mediterranean climate where water is expected
to be limited at least at some locations, Rosas et al. (2021) found that
functional and hydraulic traits were poor predictors of tree growth—
further supporting our findings that hydraulic traits are not neces-
sarily good predictors of tree growth under drought conditions. Soft
functional traits were also weak predictors of growth at our site
during drought, with only species with denser wood having slightly
less growth decline during drought and trees with higher specific
leaf area having greater drought-induced growth declines on steep
slopes where water is more limited (Schwartz et al., 2020).

The majority of the species in our study, however, had lower
growth during drought. A recent study at the site using four of the
same species found a decline on growth during the 2015 drought at
higher elevation sites in the LEF for C. schreberiana, C. borinquensis
and S. berteroana—results that were largely consistent with our find-
ings (Umana & Arellano, 2021). However, drought did not result in
lower growth for D. excelsa in their study whereas we found that this
keystone species, one of the most important species in Puerto Rican
wet forests, also experienced one of the highest declines in growth
during the 2015 drought, particularly for larger individuals. This dif-
ference in findings for D. excelsa may reflect variation in responses
related to the location of the plots and the size distributions of trees
in the samples.

Interestingly, a few species actually grew more during the
drought. Smaller individuals of A. latifolia and especially of S. ber-
teroana grew more during the drought while larger trees grew less,
perhaps due to an increase in understorey light caused by high rates
of leaf fall during the drought (Zimmerman, pers. obs.). This result
aligns with studies elsewhere that found neutral or even positive
effects of drought on small tree growth (Chen et al., 2019; Uriarte
et al., 2016) or photosynthetic rates (Bartholomew et al., 2020) and
greater growth declines during drought of larger trees (Bennett
et al., 2015; Uriarte et al., 2016). One species, however, exhibited
the opposite pattern; large individuals of M. guyanensis grew more
during the drought whereas small individuals of the same species
had lower growth rates during this period. This pattern may reflect
a competitive advantage of this extremely drought-resistant species

under dry conditions.

4.2 | Drought tolerance did not align with
successional association

Early-successional species were vulnerable to drought but so were
several mid- and late- successional ones. The two early-successional
species studied, C. schreberiana and A. latifolia, both had traits as-
sociated with pioneer and fast-growing trees (Aleixo et al., 2019;
Markesteijn, Poorter, et al., 2011; McCulloh et al., 2011; Santiago
et al., 2004) of low resistance to xylem embolism formation, narrow
hydraulic safety margin, high tissue water content and low-density
wood (Uriarte et al., 2010), suggesting that these species should be
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more susceptible to drought-induced mortality. What was surpris-
ing was that a number of mid- and late-successional species had
similar characteristics. One mid-successional species, the palm P.
acuminata var. montana, and the late-successional species, D. ex-
celsa, had hydraulic traits similar to those of the early-successional
species. All three of these species had safety margins under 1 MPa,
P, values higher than -3MPa and a tendency to have high tissue
water content, traits associated with reduced drought tolerance. In
a greenhouse drought experiment with tropical dry forest species
from Mexico (748 mmyear 2), there was no clear difference in loss of
hydraulic conductivity between early- and late-successional species,
instead, there was variation among species within each successional
group (Pineda-Garcia et al., 2013). Two early-successional species
from a seasonally dry tropical forest in Panama (~2100 mmyear‘l)
differed in their wood density, vulnerability to loss of hydraulic
conductivity and water storage capacity (McCulloh et al., 2012).

However, in a Bolivian tropical dry forest (1160mmyear™), species
seemed to align with life history; pioneer species tended to be more
vulnerable to loss of hydraulic conductivity, had less dense wood and
higher maximum hydraulic conductivity compared to shade-tolerant
species, although there was still considerable trait variation within
life-history groups (Markesteijn, Poorte, et al., 2011; Markesteijn,
Poorter, et al., 2011).

Community-level diversity for drought resistance and variation
in levels of drought resistance across species that are dominant at
different stages of succession could lead to shifts in species com-
position due to drought. We found that some of the most dominant
species within the community were actually the most vulnerable to
drought. In contrast, some of the least abundant species, such as
M. guyanensis, had the highest resistance to embolisms, the widest
safety margins, with large trees of this species actually increased
their growth during drought. Expected increases in extreme
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drought events in tropical environments, including the Caribbean
(Khalyani et al., 2015; Ramseyer et al., 2019), could lead to shifts
in species composition in tropical forests, a change that is already
occurring in some other ecosystems (Fauset et al., 2012; Trugman
et al., 2020). Anderegg et al. (2018) showed that hydraulically di-
verse ecosystems responded better to drought than less diverse
ones, and while we found a high level of hydraulic diversity in our
community, the most drought-resistant species were all mid- and
late-successional with lower levels of dominance within the com-
munity. D. excelsa, the key species in the mid-elevation subtropical
wet forest and the palm, P. acuminata var. montana, which is by
far the most dominant species in the tropical montane forests at
our study site, had some of the lowest resistance to drought based
on hydraulic traits. Under future increased drought scenarios, high
mortality rates of these and other dominant species could lead to
drastic changes in the composition and function of the forests in
Puerto Rico and the Caribbean.

4.3 | Species exhibited large variation in hydraulic
strategies and drought resistance

Species within our community fell along a gradient of levels of em-
bolism and drought resistance. We found over a fivefold difference
in P54 values across species and SM s ranged from close to zero to
around 2.5MPa. Consistent with our findings, several studies have
observed a wide range in P, values within forest communities else-
where (Barros et al., 2019; Fontes et al., 2020; Oliveira et al., 2019;
Powers et al., 2020; Santiago et al., 2018; Ziegler et al., 2019). The
wide range in SM,z,s indicates that not all the species within our
community function at the edge of their hydraulic capacity, a fact
that does not support the expectation that species should operate
with narrow SM_s to sustain CO, assimilation for as long as pos-
sible before closing their stomata as water becomes more limited
(Barros et al., 2019; Choat et al., 2012; Fontes et al., 2020; Tyree &
Sperry, 1988). Although a growing number of studies have found that
wider SM;s are common within and across communities (Barros
et al., 2019; Benito Garzon et al., 2018; Martin-StPaul et al., 2017;
Powers et al., 2020; Smith-Martin et al., 2020; Ziegler et al., 2019),
seven of the 12 species we studied did have SM;;s<-1MPa, in-
dicating that the majority of species were operating close to their
hydraulic capacity.

The large community-level variation in hydraulic traits in our
study could be driven by a lack of uniform environmental pressure
towards drought resistance since rainfall is typically high at our study
site (~3700mmyear™) and largely aseasonal. We observed very
large within-community ranges in P values (-0.86 to -4.40MPa)
and SMp,.s (-0.44 to 2.60MPa). Two recent studies of lowland
tropical rainforest canopy species of the Guiana Shield in French
Guiana (~3102mmyear™) also found a large range of variation in
P, across 26 species (-1.86 to -7.63MPa) and HSMs values (-0.09
to 5.64 MPa; Santiago et al., 2018; Ziegler et al., 2019). However, in

contrast to our findings, 15 of their studied species had P, values
below -3MPa and 17 species had HSMs greater than 1 MPa, which
potentially allow these species to withstand severe drought, whereas
only three of our species had P, values lower than -3MPa and only
five species SMy.s greater than 1 MPa (Santiago et al., 2018; Ziegler
et al., 2019). Working in a drier Central Amazonian rainforest near
Manaus (2200mmyear‘1), Oliveira et al. (2019) found that 28 tree
species had a range of P, values of -0.88 to -4.18 MPa and only
nine species had P, lower than -3MPa, similar to our findings. A
second study at two different locations in Central Amazonian for-
ests (2140mmyear* and 2376 mmyear ) using a largely different
set of species found a range in P, values of only -0.59 to -2.59 MPa
across 16 species with the majority of P, values above -2 MPa sug-
gesting that like ours, species in this community are not very embo-
lism resistant (Fontes et al., 2020). Yet a third study conducted at
two different Amazonian forest sites with contrasting precipitation
patterns found similar trends in P, and SM,,5 in both forests despite
the substantial difference in rainfall patterns (Barros et al., 2019).
In the first site, a forest with low seasonality in Central Amazonia
(2400mm year‘l), Pso values ranged from -1.01 to -4.47 MPa across
17 species with only four species having values below -3MPa and
SM_;, ranged from -0.34 to 2.49 MPa with only three species above
1MPa. In the second site, a seasonal forest in Eastern Amazonia
(1900 mmyear™), P, ranged from -1.75 to -5.02 MPa across 12 spe-
cies with again only four species having values lower than -3MPa
and SM,,;, ranged from -1.44 to 3.79 with only four species having
SM,c, above 1 MPa. Oliveira et al. (2019) had proposed that Central
Amazonian rainforest species were more embolism resistant than
expected for tropical rainforests (P, values -0.18 to -6.30MPa;
mean - 1.55MPa) based on a global meta-analysis (Choat et al., 2012)
and suggested that such variation had arisen from species adapta-
tions to local topographic and low-nutrient conditions. However,
our findings and those of these recent studies (Barros et al., 2019;
Oliveira et al., 2019; Santiago et al., 2018; Ziegler et al., 2019) sug-
gest that wet tropical environments may have a greater range in lev-
els of embolism resistance than previously thought.

To survive in drier environments, species must be drought re-
sistant. In tropical wet forests, however, divergent biogeographical
histories (Baker et al., 2020; Dick & Pennington, 2019) coupled with
the lack of selective pressure from climate may be leading to this
greater range in levels of drought resistance among forest species.
This variation could make some species within these communities
disproportionately vulnerable to extreme drought events and lead
to changes in community composition. However, there is also great
variation among wet rainforest communities in the preponderance
of drought-resistant strategies with some forests dominated by
drought-resistant species (e.g. some forests near Manaus, Central
and Eastern Amazonia, and in French Guyana, Barros et al., 2019;
Oliveira et al., 2019; Santiago et al., 2018; Ziegler et al., 2019) and
others by drought vulnerable ones (e.g. Puerto Rico, other forests
near Manaus; Fontes et al., 2020). The origins and causes of this vari-

ation offer an interesting research avenue.

d ‘0 “SEFTSIET

[euInofsaqy/:sdpy woly papeoy:

QSULOI'T SUOWO)) dATEaI)) d[qeardde oy Aq PAUISA0S o1k SI[O1IE V() 95N JO SA[NI IO AIIqIT SUIUQ) AJ[IAY UO (SUONIPUOI-PUB-SULI)/WOI" KA[IM ATRIQIAUI[U0//:SdNY) SUONIPUO)) pue SWId ], 31} 39S *[7207/T1/20] U0 AIeIqrT Qui[uQ) AS[IA\ “SOLIRIQIT ANSIOATUN BIqUINIOD) AQ SETHT SEHT-SOET/TTT1°01/10p/ W0 KA[IMm"



SMITH-MARTIN ET AL.

Functional Ecology 11

4.4 | There was a trade-off between drought
tolerance and drought avoidance

We found a clear trade-off between drought avoidance (high capaci-
tance) and drought tolerance (high resistance to xylem embolisms).
Among the species we studied, there was more than a threefold dif-
ference in leaf and stem capacitance, and some of the species with
the greatest water storage in their leaves and stems also had the
least negative P, values. This pattern was particularly marked for
the two early-successional species A. latifolia and C. schreberiana
and two of the most dominant species at the site, D. excelsa and P.
acuminata var. montana, which had high water storage capacitance
and high xylem vulnerability to embolisms. Our results coincide with
previous findings of a synthesis of data from multiple sites which
found a trade-off between capacitance and P, for tropical species
(Christoffersen et al., 2016); here we show this pattern operates
at the community level. Yet, in a lowland seasonal forest in French
Guiana with a similar mean annual precipitation as our site, Santiago
et al. (2018) did not find a correlation between stem capacitance and

xylem vulnerability meaning that this trade-off may be site-specific.

5 | CONCLUSIONS

Climate models predict more severe droughts in the Caribbean re-
gion (Khalyani et al., 2015; Ramseyer et al., 2019), but few studies
have considered how drought affects Caribbean forests but see
(Reyer et al., 2017; Schwartz et al., 2019; Umana & Arellano, 2021;
Yu et al., 2007) and none have examined hydraulic strategies of tree
species in the region. Our study shows that wet Puerto Rican for-
ests are hydraulically diverse and that most species experienced
a decline in growth during the drought. However, we found only a
weak link between drought growth declines and hydraulic traits.
Although hydraulic traits may not have proven to be a robust predic-
tor of growth declines during drought at our site, some of the most
dominant species in this forest had some of the lowest resistance to
drought based on hydraulic traits. Increases in drought frequency
could lead to sweeping changes in species composition and function

in Puerto Rican and Caribbean forests.

AUTHOR CONTRIBUTIONS

Chris M. Smith-Martin and Maria Uriarte conceptualized the project.
Chris M. Smith-Martin, Robert Muscarella, Roi Ankori-Karlinsky,
Maria Uriarte, Samuel L. Farrar, Melissa Salva-Sauri, Jill Thompson,
Jess K. Zimmerman and Maria Uriarte collected the data. Chris M.
Smith-Martin, Roi Ankori-Karlinsky and Maria Uriarte analysed the
data and Chris M. Smith-Martin and Maria Uriarte wrote the manu-
script. All authors contributed to the final draft.

ACKNOWLEDGEMENTS

This work was supported by US National Science Foundation
(NSF) DEB-1753810 to M.U. and R.M. Collection of tree demogra-
phy data was supported by NSF DEB-1050957 to M.U. and J.K.Z

and DEB-1546686 to the Institute for Tropical Ecosystem Studies,
University of Puerto Rico, working with the International Institute
of Tropical Forestry (USDA Forest Service), for the Luquillo Long-
Term Ecological Research Program. R.M. and S.L.F. were partly sup-
ported by grant 2019-03758 from the Swedish Research Council,
Vetenskapradet. We are indebted to the many volunteers and El
Verde technicians who collected the tree census data.

CONFLICT OF INTEREST
The authors have no conflicts of interest.

DATA AVAILABILITY STATEMENT
All data are available at Dryad Digital Repository https://doi.
org/10.5061/dryad.fn2z34tzd.

ORCID

Chris M. Smith-Martin & https://orcid.org/0000-0002-6557-1432
https://orcid.org/0000-0003-3039-1076

https://orcid.org/0000-0003-3442-1711

https://orcid.org/0000-0002-0484-0758

Robert Muscarella
Sylvain Delzon

Maria Uriarte

REFERENCES

Aleixo, ., Norris, D., Hemerik, L., Barbosa, A., Prata, E., Costa, F., &
Poorter, L. (2019). Amazonian rainforest tree mortality driven by
climate and functional traits. Nature Climate Change, 9, 384-388.

Allen, C. D., Breshears, D. D., & McDowell, N. G. (2015). On underestima-
tion of global vulnerability to tree mortality and forest die-off from
hotter drought in the Anthropocene. Ecosphere, 6, art129.

Anderegg, W. R. L., Klein, T., Bartlett, M., Sack, L., Pellegrini, A. F. A.,
Choat, B., & Jansen, S. (2016). Meta-analysis reveals that hydrau-
lic traits explain cross-species patterns of drought-induced tree
mortality across the globe. Proceedings of the National Academy of
Sciences of the United States of America, 113, 5024-5029.

Anderegg, W. R. L., Konings, A. G., Trugman, A. T, Yu, K., Bowling, D. R.,
Gabbitas, R., Karp, D. S., Pacala, S., Sperry, J. S., Sulman, B. N, &
Zenes, N. (2018). Hydraulic diversity of forests regulates ecosys-
tem resilience during drought. Nature, 561, 538-541.

Baker, P. A,, Fritz, S. C., Battisti, D. S., Dick, C. W, Vargas, O. M., Asner,
G. P, Martin, R. E., Wheatley, A., & Prates, |. (2020). Beyond refugia:
New insights on quaternary climate variation and the evolution of
biotic diversity in tropical South America. In V. Rull & A. C. Carnaval
(Eds.), Neotropical diversification: Patterns and processes (pp. 51-70).
Springer.

Barros, F. D. V., Bittencourt, P. R. L., Brum, M., Restrepo-Coupe, N.,
Pereira, L., Teodoro, G.S., Saleska, S.R., Borma, L. S., Christoffersen,
B. O., Penha, D., Alves, L. F,, Lima, A. J. N, Carneiro, V. M. C,,
Gentine, P, Lee, J.-E., Aragéo, L. E. O. C,, lvanoyv, V., Leal, L. S. M,
Araujo, A. C., & Oliveira, R. S. (2019). Hydraulic traits explain differ-
ential responses of Amazonian forests to the 2015 El Nifio-induced
drought. New Phytologist, 223, 1253-1266.

Bartholomew, D. C., Bittencourt, P. R. L., Costa, A. C. L. D., Banin, L. F,,
Costa, P. D. B., Coughlin, S. I., Domingues, T. F., Ferreira, L. V., Giles,
A., Mencuccini, M., Mercado, L., Miatto, R. C., Oliveira, A., Oliveira,
R., Meir, P., & Rowland, L. (2020). Small tropical forest trees have a
greater capacity to adjust carbon metabolism to long-term drought
than large canopy trees. Plant, Cell & Environment, 43, 2380-2393.

Bartlett, M. K., Klein, T., Jansen, S., Choat, B., & Sack, L. (2016). The cor-
relations and sequence of plant stomatal, hydraulic, and wilting re-
sponses to drought. Proceedings of the National Academy of Sciences
of the United States of America, 113, 13098-13103.

d ‘0 “SEFTSIET

[euInofsaqy/:sdpy woly papeoy:

QSULOI'T SUOWO)) dATEaI)) d[qeardde oy Aq PAUISA0S o1k SI[O1IE V() 95N JO SA[NI IO AIIqIT SUIUQ) AJ[IAY UO (SUONIPUOI-PUB-SULI)/WOI" KA[IM ATRIQIAUI[U0//:SdNY) SUONIPUO)) pue SWId ], 31} 39S *[7207/T1/20] U0 AIeIqrT Qui[uQ) AS[IA\ “SOLIRIQIT ANSIOATUN BIqUINIOD) AQ SETHT SEHT-SOET/TTT1°01/10p/ W0 KA[IMm"


https://doi.org/10.5061/dryad.fn2z34tzd
https://doi.org/10.5061/dryad.fn2z34tzd
https://orcid.org/0000-0002-6557-1432
https://orcid.org/0000-0002-6557-1432
https://orcid.org/0000-0003-3039-1076
https://orcid.org/0000-0003-3039-1076
https://orcid.org/0000-0003-3442-1711
https://orcid.org/0000-0003-3442-1711
https://orcid.org/0000-0002-0484-0758
https://orcid.org/0000-0002-0484-0758

12 Functional Ecology

SMITH-MARTIN €T AL.

Bazzaz, F. A., & Pickett, S. T. A. (1980). Physiological ecology of tropi-
cal succession: A comparative review. Annual Review of Ecology and
Systematics, 11, 287-310.

Benito Garzén, M., Gonzéalez Munoz, N., Wigneron, J.-P., Moisy, C.,
Fernandez-Manjarrés, J., & Delzon, S. (2018). The legacy of water
deficit on populations having experienced negative hydraulic safety
margin. Global Ecology and Biogeography, 27, 346-356.

Bennett, A. C., McDowell, N. G,, Allen, C. D., & Anderson-Teixeira, K. J.
(2015). Larger trees suffer most during drought in forests world-
wide. Nature Plants, 1, 15139.

Bretfeld, M., Ewers, B. E., & Hall, J. S. (2018). Plant water use responses
along secondary forest succession during the 2015-2016 El Nifo
drought in Panama. New Phytologist, 219, 885-899.

Brodribb, T. J., Carriqui, M., Delzon, S., & Lucani, C. (2017). Optical measure-
ment of stem xylem vulnerability. Plant Physiology, 174, 2054-2061.

Brodribb, T. J., Carriqui, M., Delzon, S., McAdam, S. A. M., & Holbrook, N.
M. (2020). Advanced vascular function discovered in a widespread
moss. Nature Plants, 6, 273-279.

Brodribb, T. J., Powers, J., Cochard, H., & Choat, B. (2020). Hanging by a
thread? Forests and drought. Science, 368, 261-266.

Brodribb, T. J.,, Skelton, R. P., McAdam, S. A. M., Bienaimé, D., Lucani,
C. J., & Marmottant, P. (2016). Visual quantification of embolism
reveals leaf vulnerability to hydraulic failure. New Phytologist, 209,
1403-1409.

Chadwick, R., Good, P., Martin, G., & Rowell, D. P. (2016). Large rainfall
changes consistently projected over substantial areas of tropical
land. Nature Climate Change, 6, 177-181.

Chen, Y., Uriarte, M., Wright, S. J., & Yu, S. (2019). Effects of neighbor-
hood trait composition on tree survival differ between drought and
postdrought periods. Ecology, 100, e02766.

Choat, B., Jansen, S., Brodribb, T. J., Cochard, H., Delzon, S., Bhaskar, R.,
Bucci, S. J,, Feild, T. S., Gleason, S. M., Hacke, U. G., Jacobsen, A.
L., Lens, F., Maherali, H., Martinez-Vilalta, J., Mayr, S., Mencuccini,
M., Mitchell, P. J,, Nardini, A., Pittermann, J., ... Zanne, A. E. (2012).
Global convergence in the vulnerability of forests to drought.
Nature, 491, 752-755.

Christoffersen, B. O., Gloor, M., Fauset, S., Fyllas, N. M., Galbraith, D.
R., Baker, T. R., Kruijt, B., Rowland, L., Fisher, R. A., Binks, O. J.,
Sevanto, S., Xu, C., Jansen, S., Choat, B., Mencuccini, M., McDowell,
N. G., & Meir, P. (2016). Linking hydraulic traits to tropical for-
est function in a size-structured and trait-driven model (TFS v.1-
Hydro). Geoscientific Model Development, 9, 4227-4255.

Condit, R. (1998). Tropical forest census plots. Springer.

Dick, C. W., & Pennington, R. T. (2019). History and geography of neo-
tropical tree diversity. Annual Review of Ecology, Evolution, and
Systematics, 50, 279-301.

Duffy, P. B., Brando, P., Asner, G. P., & Field, C. B. (2015). Projections
of future meteorological drought and wet periods in the Amazon.
Proceedings of the National Academy of Sciences of the United States
of America, 112, 13172-13177.

Engelbrecht, B. M. J., Dalling, J. W., Pearson, T. R. H., Wolf, R. L., Galvez,
D. A, Koehler, T., Tyree, M. T., & Kursar, T. A. (2006). Short dry
spellsin the wet season increase mortality of tropical pioneer seed-
lings. Oecologia, 148, 258-269.

Ewel, J. J., & Whitmore, J. L. (1973). The ecological life zones of Puerto Rico
and the U.S. Virgin Islands. Institute of Tropical Forestry.

Fauset, S., Baker, T. R, Lewis, S. L., Feldpausch, T. R., Affum-Baffoe, K.,
Foli, E. G., Hamer, K. C., & Swaine, M. D. (2012). Drought-induced
shifts in the floristic and functional composition of tropical forests
in Ghana. Ecology Letters, 15, 1120-1129.

Feng, X., Porporato, A., & Rodriguez-Iturbe, I. (2013). Changes in rainfall
seasonality in the tropics. Nature Climate Change, 3, 811-815.
Feng, X., Uriarte, M., Gonzalez, G., Reed, S., Thompson, J., Zimmerman,
J. K., & Murphy, L. (2018). Improving predictions of tropical forest
response to climate change through integration of field studies and

ecosystem modeling. Global Change Biology, 24, e213-e232.

Fontes, C. G,, Fine, P. V. A., Wittmann, F., Bittencourt, P. R. L., Piedade,
M. T. F.,, Higuchi, N., Chambers, J. Q., & Dawson, T. E. (2020).
Convergent evolution of tree hydraulic traits in Amazonian habi-
tats: Implications for community assemblage and vulnerability to
drought. New Phytologist, 228, 106-120.

Gatti, L. V., Gloor, M., Miller, J. B., Doughty, C. E., Malhi, Y., Domingues,
L. G., Basso, L. S., Martinewski, A., Correia, C. S. C., Borges, V. F.,
Freitas, S., Braz, R., Anderson, L. O., Rocha, H., Grace, J., Phillips, O.
L., & Lloyd, J. (2014). Drought sensitivity of Amazonian carbon bal-
ance revealed by atmospheric measurements. Nature, 506, 76-80.

Gauthey, A., Peters, J. M. R., Carins-Murphy, M. R., Rodriguez-
Dominguez, C. M., Li, X., Delzon, S., King, A., Lépez, R., Medlyn,
B. E., Tissue, D. T., Brodribb, T. J., & Choat, B. (2020). Visual and
hydraulic techniques produce similar estimates of cavitation resis-
tance in woody species. New Phytologist, 228, 884-897.

Gleason, S. M., Westoby, M., Jansen, S., Choat, B., Hacke, U. G., Pratt,
R. B., Bhaskar, R., Brodribb, T. J., Bucci, S. J., Cao, K.-F., Cochard,
H., Delzon, S., Domec, J.-C., Fan, Z.-X,, Feild, T. S., Jacobsen, A. L.,
Johnson, D. M., Lens, F., Maherali, H., ... Zanne, A. E. (2016). Weak
tradeoff between xylem safety and xylem- specific hydraulic ef-
ficiency across the world's woody plant species. New Phytologist,
209, 123-136.

Goldstein, G., Andrade, J. L., Meinzer, F. C., Holbrook, N. M., Cavelier,
J., Jackson, P., & Celis, A. (1998). Stem water storage and diurnal
patterns of water use in tropical forest canopy trees. Plant, Cell &
Environment, 21, 397-406.

Greenwood, S., Ruiz-Benito, P., Martinez-Vilalta, J., Lloret, F., Kitzberger,
T., Allen, C. D., Fensham, R., Laughlin, D. C., Kattge, J., Bonisch, G.,
Kraft, N. J. B., & Jump, A. S. (2017). Tree mortality across biomes
is promoted by drought intensity, lower wood density and higher
specific leaf area. Ecology Letters, 20, 539-553.

Griffin-Nolan, R. J., Bushey, J. A., Carroll, C. J. W,, Challis, A., Chieppa, J.,
Garbowski, M., Hoffman, A. M., Post, A. K., Slette, I. J., Spitzer, D.,
Zambonini, D., Ocheltree, T. W.,, Tissue, D. T., & Knapp, A. K. (2018).
Trait selection and community weighting are key to understanding
ecosystem responses to changing precipitation regimes. Functional
Ecology, 32, 1746-1756.

Guan, X., Pereira, L., McAdam, S. A. M,, Cao, K. F., & Jansen, S. (2021).
No gas source, no problem: Proximity to pre-existing embolism and
segmentation affect embolism spreading in angiosperm xylem by
gas diffusion. Plant, Cell & Environment, 44, 1329-1345.

Johnson, K. M., Brodersen, C., Carins-Murphy, M. R., Choat, B., &
Brodribb, T. J. (2020). Xylem embolism spreads by single-conduit
events in three dry Forest angiosperm stems. Plant Physiology, 184,
212-222.

Johnson, K. M., Lucani, C., & Brodribb, T. J. (2022). In vivo monitoring
of drought-induced embolism in Callitris rhomboidea trees reveals
wide variation in branchlet vulnerability and high resistance to tis-
sue death. New Phytologist, 233, 207-218.

Khalyani, A. H., Gould, W. A., Harmsen, E., Terando, A., Quinones, M.,
& Collazo, J. A. (2015). Climate change implications for Tropical
Islands: Interpolating and interpreting statistically downscaled
GCM projections for management and planning. Journal of Applied
Meteorology and Climatology, 55, 265-282.

Kooperman, G. J., Chen, Y., Hoffman, F. M., Koven, C. D., Lindsay, K.,
Pritchard, M. S., Swann, A. L. S., & Randerson, J. T. (2018). Forest
response to rising CO, drives zonally asymmetric rainfall change
over tropical land. Nature Climate Change, 8, 434-440.

Leitold, V., Morton, D. C., Longo, M., Dos-Santos, M. N., Keller, M., &
Scaranello, M. (2018). El Nifio drought increased canopy turnover
in Amazon forests. New Phytologist, 219, 959-971.

Liu, H,, Ye, Q., Gleason, S. M., He, P., & Yin, D. (2021). Weak tradeoff be-
tween xylem hydraulic efficiency and safety: Climatic seasonality
matters. New Phytologist, 229, 1440-1452.

Lohbeck, M., Poorter, L., Lebrija-Trejos, E., Martinez-Ramos, M.,
Meave, J. A., Paz, H., Perez-Garcia, E. A., Romero-Perez, I. E.,

d ‘0 “SEFTSIET

[euInofsaqy/:sdpy woly papeoy:

QSULOI'T SUOWO)) dATEaI)) d[qeardde oy Aq PAUISA0S o1k SI[O1IE V() 95N JO SA[NI IO AIIqIT SUIUQ) AJ[IAY UO (SUONIPUOI-PUB-SULI)/WOI" KA[IM ATRIQIAUI[U0//:SdNY) SUONIPUO)) pue SWId ], 31} 39S *[7207/T1/20] U0 AIeIqrT Qui[uQ) AS[IA\ “SOLIRIQIT ANSIOATUN BIqUINIOD) AQ SETHT SEHT-SOET/TTT1°01/10p/ W0 KA[IMm"



SMITH-MARTIN ET AL.

Functional Ecology 13

Tauro, A., & Bongers, F. (2013). Successional changes in func-
tional composition contrast for dry and wet tropical forest.
Ecology, 94, 1211-1216.

Markesteijn, L., Poorte, L., Paz, H., Sack, L., & Bongers, F. (2011).
Ecological differentiation in xylem cavitation resistance is associ-
ated with stem and leaf structural traits. Plant, Cell & Environment,
34, 137-148.

Markesteijn, L., Poorter, L., Bongers, F., Paz, H., & Sack, L. (2011).
Hydraulics and life history of tropical dry forest tree species:
Coordination of species' drought and shade tolerance. New
Phytologist, 191, 480-495.

Martin-StPaul, N., Delzon, S., & Cochard, H. (2017). Plant resistance to
drought depends on timely stomatal closure. Ecology Letters, 20,
1437-1447.

McCulloh,K.A.,Johnson, D. M., Meinzer, F.C., Voelker,S. L., Lachenbruch,
B., & Domec, J.-C. (2012). Hydraulic architecture of two species dif-
fering in wood density: Opposing strategies in co-occurring tropical
pioneer trees. Plant, Cell & Environment, 35, 116-125.

McCulloh, K. A., Meinzer, F. C., Sperry, J. S., Lachenbruch, B., Voelker, S.
L., Woodruff, D. R., & Domec, J.-C. (2011). Comparative hydraulic
architecture of tropical tree species representing a range of succes-
sional stages and wood density. Oecologia, 167, 27-37.

Meinzer, F. C., James, S. A., Goldstein, G., & Woodruff, D. R. (2003).
Whole-tree water transport scales with sapwood capacitance
in tropical forest canopy trees. Plant, Cell & Environment, 26,
1147-1155.

Neelin, J. D., Minnich, M., Su, H., Meyerson, J. E., & Holloway, C. E.
(2006). Tropical drying trends in global warming models and ob-
servations. Proceedings of the National Academy of Sciences of the
United States of America, 103, 6110-6115.

Oliveira, R.S., Costa, F.R. C., Baalen, E. V., Jonge, A. D., Bittencourt, P.R.,
Almanza, Y., Barros, F. D. V., Cordoba, E. C., Fagundes, M. V., Garcia,
S., Guimaraes, Z. T. M., Hertel, M., Schietti, J., Rodrigues-Souza, J.,
& Poorter, L. (2019). Embolism resistance drives the distribution of
Amazonian rainforest tree species along hydro-topographic gradi-
ents. New Phytologist, 221, 1457-1465.

Pan, Y., Birdsey, R. A, Fang, J., Houghton, R., Kauppi, P., Kurz, W., Phillips,
0., Shvidenko, A., Lewis, S., Canadell, J., Ciais, P., Jackson, R. B.,
Pacala, S., McGuire, D., Piao, S., Rautiainen, A., Sitch, S., & Hayes, D.
J.(2011). A large and persistent carbon sink in the world's forests.
Science, 333, 988-993.

Pereira, L., Bittencourt, P. R. L., Pacheco, V. S., Miranda, M. T., Zhang, Y.,
Oliveira, R. S., Groenendijk, P., Machado, E. C., Tyree, M. T., Jansen,
S., Rowland, L., & Ribeiro, R. V. (2020). The Pneumatron: An auto-
mated pneumatic apparatus for estimating xylem vulnerability to
embolism at high temporal resolution. Plant, Cell & Environment, 43,
131-142.

Pineda-Garcia, F., Paz, H., & Meinzer, F. C. (2013). Drought resistance in
early and late secondary successional species from a tropical dry
forest: The interplay between xylem resistance to embolism, sap-
wood water storage and leaf shedding. Plant, Cell & Environment,
36,405-418.

Pivovaroff, A. L., Cook, V. M. W,, & Santiago, L. S. (2018). Stomatal be-
haviour and stem xylem traits are coordinated for woody plant spe-
cies under exceptional drought conditions. Plant, Cell & Environment,
41, 2617-2626.

Pivovaroff, A. L., Sack, L., & Santiago, L. S. (2014). Coordination of stem
and leaf hydraulic conductance in southern California shrubs: A
test of the hydraulic segmentation hypothesis. New Phytologist,
203, 842-850.

Pockman, W. T., & Sperry, J. S. (2000). Vulnerability to xylem cavita-
tion and the distribution of Sonoran Desert vegetation. American
Journal of Botany, 87, 1287-1299.

Powers, J. S., German Vargas, G., Brodribb, T. J., Schwartz, N. B., Pérez-
Aviles, D., Smith-Martin, C. M., Becknell, J. M., Aureli, F., Blanco, R.,
Calderén-Morales, E., Calvo-Alvarado, J. C., Calvo-Obando, A. J.,

Chavarria, M. M., Carvajal-Vanegas, D., Jiménez-Rodriguez, C. D.,
Chacon, E. M., Schaffner, C. M., Werden, L. K., Xu, X., & Medvigy,
D. (2020). A catastrophic tropical drought kills hydraulically vulner-
able tree species. Global Change Biology, 26, 3122-3133.

R Core Team. (2021). R: A language and environmentfor statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Ramseyer, C. A., Miller, P. W., & Mote, T. L. (2019). Future precipitation
variability during the early rainfall season in the El Yunque National
Forest. Science of the Total Environment, 661, 326-336.

Reich, P. B. (2014). The world-wide ‘fast-slow’ plant economics spec-
trum: A traits manifesto. Journal of Ecology, 102, 275-301.

Reyer, C. P. O., Adams, S., Albrecht, T., Baarsch, F., Boit, A., Canales
Trujillo, N., Cartsburg, M., Coumou, D., Eden, A., Fernandes, E.,
Langerwisch, F., Marcus, R., Mengel, M., Mira-Salama, D., Perette,
M., Pereznieto, P., Rammig, A., Reinhardt, J., Robinson, A., ...
Thonicke, K. (2017). Climate change impacts in Latin America and
the Caribbean and their implications for development. Regional
Environmental Change, 17, 1601-1621.

Rodriguez-Dominguez, C. M., Buckley, T. N., Egea, G., Cires, A. D.,
Hernandez-Santana, V., Martorell, S., & Diaz-Espejo, A. (2016).
Most stomatal closure in woody species under moderate drought
can be explained by stomatal responses to leaf turgor. Plant, Cell &
Environment, 39, 2014-2026.

Rosas, T., Mencuccini, M., Batlles, C., Regalado, i, Saura-Mas, S., Sterck,
F., & Martinez-Vilalta, J. (2021). Are leaf, stem and hydraulic traits
good predictors of individual tree growth? Functional Ecology, 35,
2435-2447.

Sack, L. & Pasquet-Kok, J. (2011). Leaf pressure-volume curve parame-
ters. Prometheus: protocols in ecological & environmental science.
https://prometheusprotocols.net/function/water-relations/press
ure-volume-curves/leaf-pressure-volume-curve-parameters/

Santiago, L. S., De Guzman, M. E., Baraloto, C., Vogenberg, J. E., Brodie,
M., Hérault, B., Fortunel, C., & Bonal, D. (2018). Coordination and
trade-offs among hydraulic safety, efficiency and drought avoid-
ance traits in Amazonian rainforest canopy tree species. New
Phytologist, 218, 1015-1024.

Santiago, L. S., Goldstein, G., Meinzer, F. C., Fisher, J. B., Machado, K.,
Woodruff, D., & Jones, T. (2004). Leaf photosynthetic traits scale
with hydraulic conductivity and wood density in Panamanian forest
canopy trees. Oecologia, 140, 543-550.

Schwartz, N. B., Budsock, A. M., & Uriarte, M. (2019). Fragmentation,
forest structure, and topography modulate impacts of drought in a
tropical forest landscape. Ecology, 100, e02677.

Schwartz, N. B., Feng, X., Muscarella, R., Swenson, N. G., Umafa, M. N,
Zimmerman, J. K., & Uriarte, M. (2020). Topography and traits mod-
ulate tree performance and drought response in a tropical Forest.
Frontiers in Forests and Global Change, 3, 1-14.

Skelton, R. P., Dawson, T. E., Thompson, S. E., Shen, Y., Weitz, A. P,
& Ackerly, D. (2018). Low vulnerability to xylem embolism in
leaves and stems of North American oaks. Plant Physiology, 177,
1066-1077.

Smith-Martin, C. M., Muscarella, R., Ankori-Karlinsky. R., Delzon, S.,
Farrar, S. L., Salva-Sauri, M., Thompson, J., Zimmerman, J. K., &
Uriarte, M. (2022). Hydraulic traits are not robust predictors of
tree species stem growth during a drought in a wet tropical forest.
Dryad Digital Repository, https://doi.org/10.5061/dryad.fn2z34tzd

Smith-Martin, C. M., Skelton, R. P., Johnson, K. M., Lucani, C., & Brodribb,
T. J. (2020). Lack of vulnerability segmentation among woody spe-
cies in a diverse dry sclerophyll woodland community. Functional
Ecology, 34,777-787.

Sperry, J. S., Donnelly, J. R., & Tyree, M. T. (1988). A method for mea-
suring hydraulic conductivity and embolism in xylem. Plant, Cell &
Environment, 11, 35-40.

Thompson, J., Brokaw, N., Zimmerman, J. K., Waide, R. B., Everham,
E. M., Lodge, D. J,, Taylor, C. M., Garcia-Montiel, D., & Fluet, M.

9SUAOIT SUOWIO)) dANEAI)) dqedrdde oY) £q pauUIdA0S a1 SI[ONIR Y 3SN JO SA[NI 10] AIRIQIT AUIUQ) AJ[IA\ UO (SUONIPUOI-PUL-SULIA)/ WO KIIM" ATRIQI[AUI[UO//:5d)T) SUONIPUO)) PuB SWId T Y 99§ “[7Z07/T1/70] U0 ATe1qry aurjuQ A9[IAN ‘SoLIeIqIT ANSIOATUN) BIqUINOD) Aq SETHT SEHT-S9ST/T 111 01/10p/wod Ka1m" A1eIqr{aur[uo s[ewnolsaqy//:sdny woiy papeojumo( ‘0 ‘SeHzs9<T


https://www.R-project.org/
https://www.R-project.org/
https://prometheusprotocols.net/function/water-relations/pressure-volume-curves/leaf-pressure-volume-curve-parameters/
https://prometheusprotocols.net/function/water-relations/pressure-volume-curves/leaf-pressure-volume-curve-parameters/
https://doi.org/10.5061/dryad.fn2z34tzd

14 Functional Ecology

SMITH-MARTIN €T AL.

(2002). Land use history, environment, and tree composition in a
tropical Forest. Ecological Applications, 12, 1344-1363.

Trugman, A. T., Anderegg, L. D. L., Shaw, J. D., & Anderegg, W. R. L.
(2020). Trait velocities reveal that mortality has driven widespread
coordinated shifts in forest hydraulic trait composition. Proceedings
of the National Academy of Sciences of the United States of America,
17,8532-8538.

Tyree, M. T., & Hammel, H. T. (1972). The measurement of the turgor
pressure and the water relations of plants by the pressure-bomb
technique. Journal of Experimental Botany, 23, 267-282.

Tyree, M. T., & Sperry, J. S. (1988). Do Woody plants operate near the
point of catastrophic xylem dysfunction caused by dynamic water
stress?: Answers from a model. Plant Physiology, 88, 574-580.

Tyree, M. T., & Sperry, J. S. (1989). Vulnerability of xylem to cavitation
and embolism. Annual Review of Plant Physiology and Plant Molecular
Biology, 40, 19-36.

Umaiia, M. N., & Arellano, G. (2021). Legacy effects of drought on tree
growth responses to hurricanes. Ecography, 44, 686-1697.

Uriarte, M., Lasky, J. R., Boukili, V. K., & Chazdon, R. L. (2016). A trait-
mediated, neighbourhood approach to quantify climate impacts on
successional dynamics of tropical rainforests. Functional Ecology,
30, 157-167.

Uriarte, M., Swenson, N. G., Chazdon, R. L., Comita, L. S., Kress, W. J.,
Erickson, D., Forero-Montafa, J., Zimmerman, J. K., & Thompson, J.
(2010). Trait similarity, shared ancestry and the structure of neigh-
bourhood interactions in a subtropical wet forest: Implications for
community assembly. Ecology Letters, 13, 1503-1514.

Yu, R., Xu, Y., Zhou, T., & Li, J. (2007). Relation between rainfall duration
and diurnal variation in the warm season precipitation over central
eastern China. Geophysical Research Letters, 34, L13703.

Ziegler, C., Coste, S., Stahl, C., Delzon, S., Levionnois, S., Cazal, J.,
Cochard, H., Esquivel-Muelbert, A., Goret, J.-Y., Heuret, P,
Jaouen, G., Santiago, L. S., & Bonal, D. (2019). Large hydraulic
safety margins protect Neotropical canopy rainforest tree spe-
cies against hydraulic failure during drought. Annals of Forest
Science, 76, 115.

Zieminska, K., Rosa, E., Gleason, S. M., & Holbrook, N. M. (2020). Wood
day capacitance is related to water content, wood density, and anat-
omy across 30 temperate tree species. Plant, Cell & Environment, 43,
3048-3067.

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Smith-Martin, C. M., Muscarella, R.,
Ankori-Karlinsky, R., Delzon, S., Farrar, S. L., Salva-Sauri, M.,
Thompson, J., Zimmerman, J. K., & Uriarte, M. (2022).
Hydraulic traits are not robust predictors of tree species
stem growth during a severe drought in a wet tropical forest.
Functional Ecology, 00, 1-14. https://doi.org/10.1111/1365-
2435.14235

9SUAOIT SUOWIO)) dANEAI)) dqedrdde oY) £q pauUIdA0S a1 SI[ONIR Y 3SN JO SA[NI 10] AIRIQIT AUIUQ) AJ[IA\ UO (SUONIPUOI-PUL-SULIA)/ WO KIIM" ATRIQI[AUI[UO//:5d)T) SUONIPUO)) PuB SWId T Y 99§ “[7Z07/T1/70] U0 ATe1qry aurjuQ A9[IAN ‘SoLIeIqIT ANSIOATUN) BIqUINOD) Aq SETHT SEHT-S9ST/T 111 01/10p/wod Ka1m" A1eIqr{aur[uo s[ewnolsaqy//:sdny woiy papeojumo( ‘0 ‘SeHzs9<T


https://doi.org/10.1111/1365-2435.14235
https://doi.org/10.1111/1365-2435.14235

	Hydraulic traits are not robust predictors of tree species stem growth during a severe drought in a wet tropical forest
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study site and species selection
	2.2|Hydraulic traits
	2.2.1|Leaf turgor loss point and leaf and stem capacitance
	2.2.2|Leaf and stem optical vulnerability curves

	2.3|Stem growth data
	2.4|Data analysis
	2.4.1|Stem growth
	2.4.2|Hydraulic traits


	3|RESULTS
	3.1|Weak association of growth reduction with hydraulic traits
	3.2|Variation in hydraulic traits across species and successional association
	3.3|Hydraulic strategies

	4|DISCUSSION
	4.1|Hydraulic traits were not a robust predictor of growth reduction during drought
	4.2|Drought tolerance did not align with successional association
	4.3|Species exhibited large variation in hydraulic strategies and drought resistance
	4.4|There was a trade-­off between drought tolerance and drought avoidance

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


