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Introduction

Summary

e Water stress can cause declines in plant function that persist after rehydration. Recent work
has defined ‘resilience’ traits characterizing leaf resistance to persistent damage from drought,
but whether these traits predict resilience in whole-plant function is unknown. It is also
unknown whether the coordination between resilience and ‘resistance’ — the ability to main-
tain function during drought — observed globally occurs within ecosystems.

¢ For eight rainforest species, we dehydrated and subsequently rehydrated leaves, and mea-
sured water stress thresholds for declines in rehydration capacity and maximum quantum
yield of photosystem Il (F,/F,). We tested correlations with embolism resistance and dry sea-
son water potentials (¥mp), and calculated safety margins for damage (¥mp — thresholds) and
tested correlations with drought resilience in sap flow and growth.

o ¥ thresholds for persistent declines in F,/Fy,, indicating resilience, were positively correlated
with Wpmp and thresholds for leaf vein embolism. Safety margins for persistent declines in F,/
Fm, but not rehydration capacity, were positively correlated with drought resilience in sap
flow.

¢ Correlations between resistance and resilience suggest that species’ differences in perfor-
mance during drought are perpetuated after drought, potentially accelerating shifts in forest
composition. Resilience to photochemical damage emerged as a promising functional trait to
characterize whole-plant drought resilience.

uptake. Thus, characterizing plant drought resilience — the capa-
city to experience drought without sustaining lasting damage —

Water stress not only impairs plant function during drought but
can also irreversibly damage hydraulic and photosynthetic tissues
(Buckley er al., 1980), inducing declines in gas exchange and
growth that persist after drought (Anderegg ez al., 2015; Skelton
et al., 2017). As drought intensity and frequency increase under
climate change in many regions world-wide (Yuan ez al, 2019),
limited recovery from water stress could become an increasingly
important constraint on plant performance and ecosystem carbon
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has strong potential to improve predictions for ecosystem
responses to climate change. Resilience captures adaptation to
drought more broadly than classic drought resistance — the ability
to maintain function during drought — by also incorporating the
capacity to recover function after drought, in response to rehy-
dration (Fletcher et al., 2022). Here, we characterized drought
resilience in leaf function in eight tropical tree species and tested
for the first time how these traits are associated with the complex
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of drought resistance traits and with whole-plant drought resili-
ence in a natural ecosystem.

Persistent damage to leaf hydraulics or photochemistry can
constrain plant gas exchange and growth after drought by impair-
ing leaf function and reducing effective canopy size. Drought-
induced embolism formation in the veins (Johnson ez al., 2018)
and structural damage to cell walls and membranes in the meso-
phyll (Trifild er al, 2021) can cause persistent declines in leaf
hydraulic conductance (Ki.s), limiting the water supply for tran-
spiration and, consequently, stomatal reopening. Severely
droughted plants (i.e. to an 80-95% reduction in K. typically
fail to fully recover to well-watered values for Kj.,r and stomatal
conductance after days or even weeks of rehydration (Skelton
et al., 2017; Johnson et al., 2018; but see Manzi et al., 2022),
whereas these functions usually fully recover with overnight rehy-
dration in plants subjected to milder water stress (Blackman
et al., 2009). Drought can also limit recovery in photosynthesis
by deforming the thylakoid membranes and exacerbating reactive
oxygen species attacks on the electron transport chain (Miller
et al, 2010; Abid er al, 2016), which can cause persistent
declines in the effective and maximum quantum yield of photo-
system II (PSII) by impairing the electron donor function in PSIT
and reducing connectivity and energy transport between PSII
units (Souza ¢t al., 2004; Campos et al., 2014; Silva et al., 2015).
Photochemical function can also continue to decline despite
rehydration, as re-expansion further damages membranes that
were deformed by drought, or drought triggers leaf senescence
and initiates a program of chloroplast and cell death that is not
reversed by rehydration (Kaiser, 1987; Munné-Bosch
et al., 2001; Brodribb ez al., 2021). Beyond these effects on leaf-
level gas exchange, inducing leaf senescence and reducing effec-
tive canopy size can also cause persistent declines in whole-plant
gas exchange, which can, in turn, limit the carbon available for
growth (Brodribb et al., 2010; Anderegg et al., 2014). Stem dia-
meter growth can also remain limited after drought despite full
recovery in carbon assimilation, due to lagged recovery in respira-
tory processes (Saveyn ez al., 2007) or significant carbon alloca-
tion to repairing or replacing damaged tissues or replenishing
carbohydrate reserves (Kannenberg ez al., 2019).

These findings suggest that traits measuring resilience in leaf
function to persistent damage from drought could be used to
characterize resilience in whole-plant function, analogous to the
use of drought resistance traits to infer whole-plant hydraulic
function and gas exchange during water stress (Buckley
et al., 1980; Sterck et al, 2011; Maréchaux ez al., 2018; Trueba
et al., 2019). Two traits have been proposed to capture drought
resilience in leaf water relations and photochemical function: the
water stress thresholds inducing declines in the rehydration capa-
city and maximum quantum yield of photosystem II (£/F,) in
droughted and rehydrated leaves, relative to unstressed (satu-
rated) leaves (Oppenheimer & Leshem, 1966; John et al., 2018;
Trueba et al., 2019; Fig. 1). The relative water content (RWC) or
water potential (W) during dehydration defines the threshold for
the percent loss of rehydration capacity (PLRC) and percent loss
of chlorophyll fluorescence (PLCF) in rehydrated compared with
saturated leaves (Trueba er al, 2019; Table 1; Fig. 1). For
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example, Y@PLRC;( measures the water potential during dehy-
dration that induces leaves to rehydrate to a relative water content
value 10% lower than when unstressed (saturated), and
Y@PLCF,( measures the dehydrated water potential inducing a
10% reduction in F/F, in rehydrated, compared with
unstressed, leaves. W@PLCF captures the water stress thresholds
for persistent biochemical limitations on photosynthesis, includ-
ing damage to thylakoid membrane structure and chloroplast
and cell death (Campos ez al., 2014; Abid ez al., 2016; Guadagno
et al., 2017; Fig. 1). YW@PLRC captures thresholds for a broad
range of hydraulic damage, since rehydration capacity can be lim-
ited by reduced water inflow, due to embolism or damage to the
extraxylary pathway (Johnson ez al, 2018), and/or by a dimin-
ished capacity to hold water in the mesophyll, due to cell death
or membrane damage that prevents the cells from fully reinflating
(Sancho-Knapik ez al., 2011; Trifilo ez al., 2021; Fig. 1). How-
ever, Y@PLRC and WY@PLCF thresholds have not been tested
for their capacity to predict resilience in gas exchange and growth
in intact whole plants, or compared with plant water stress 7 situ
to evaluate how frequently plants experience persistent damage in
natural ecosystems.

Drought resilience is a product of both resistance and recovery,
but the relative importance of resistance and recovery to resilience
is poorly understood, despite potentially significant effects on
ecosystem drought responses. Climate change is expected to
intensify drought in many areas, and a strong coordination
between drought resilience and resistance would indicate that
species differences in performance during drought would propa-
gate into subsequent wet periods, potentally exacerbating
drought-induced shifts in community composition and diversity
(Flynn et al, 2011). Alternatively, a stronger relationship
between resilience and recovery could allow a strong recovery in
performance after drought to compensate for greater damage and
poorer performance during drought, counteracting drought
impacts on species performance differences (Forner ez al., 2014;
Ploughe ez al., 2019). In previous work, RWC and Y@PLRC,
were correlated with leaf drought resistance traits, including resis-
tance to wilting and declines in hydraulic conductivity under
water stress, across species from biomes that varied widely in
water availability (i.e. from semideserts to tropical forests; John
et al., 2018; Trueba et al, 2019). However, if these correlations
result from independent selection by water availability, these
traits could be decoupled across species from the same ecosystem,
which generally occupy a narrower range of climatic conditions.
Indeed, this is the case for leaf drought resistance and economics
spectrum traits (e.g. leaf mass per area), which are in some cases
correlated across species from different ecosystems, but decoupled
across co-occurring species from tropical rainforests (Zhu
et al., 2018; Maréchaux et al., 2020).

We measured the water potential thresholds for persistent
declines in leaf rehydration capacity and photochemical function
for eight tropical species that were also assessed for drought resis-
tance traits, water stress (i.e. dry season midday water potentials,
Wup), and drought resilience in whole-plant sap flow and stem
diameter growth (Fig. 2). We focused on tropical species because,
across a global comparison, these species were the most
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(a) Unstressed (b)  Dehydrated () Rehydrated
RWC,=100% RWC4=30% RWC, =50%

(F\JF ). = 0.85

(Fy/F)s=0.65 (FJF,),=0.55

PLRC=1 — RWC, = 50%
PLCF =1 — &/Fmk _ 350,
(Fy/Fm)s
RWC@PLRCso =RWCy = 30%
RWC@PLCF,5 =RWC, = 30%

SM

LE
CuU

Fig. 1 Water stress induces damage that prevents rehydrated leaves from fully recovering hydraulic and photochemical function. Each panel shows a leaf
cross-section. CU, cuticle; UE, upper epidermis; PM, palisade mesophyll; CL, chloroplasts; SM, spongy mesophyll; LE, lower epidermis; GC, guard cells; P,
phloem (red circles); X, xylem (blue circles indicate water-filled and white circles indicate embolized conduits); RWC, leaf relative water content; F,/Fr,,
maximum quantum yield of photosystem II. Values for saturated, dehydrated, and rehydrated leaves are indicated with subscripts s, d, and r, respectively.
(a) Fy/F and RWC are at maximum in the saturated, unstressed leaf. (b) Severely dehydrating the leaf can deform cell walls and chloroplast thylakoid
membranes (1), trigger chloroplast degradation and cell death (2, 3), and embolize xylem conduits (4) (Oppenheimer & Leshem, 1966; Sancho-Knapik
etal., 2011; Johnson et al., 2018; Trifilo et al., 2021). Numbers indicate examples in the cross-section. (c) Negligible or partial xylem embolism refilling (4),
cell death (3), and cell wall deformation (1) can prevent the leaf from fully rehydrating (Oppenheimer & Leshem, 1966; Johnson et al., 2018). Recovery in
F./F can be limited by chloroplast degradation (2) and cell death (3) during dehydration (Munné-Bosch et al., 2001). F,/F, can also continue to decline
despite rehydration because re-expansion further damages the deformed thylakoid membranes, or because drought triggers leaf senescence and initiates a
program of chloroplast (5) and cell death that is not reversed by rehydration (Kaiser, 1987; Munné-Bosch et al., 2001; Brodribb et al., 2021). The leaf
drought resilience traits measure the dehydration thresholds for declines in function that persist after rehydration. Here, dehydrating leaves (b) to 30% of

the saturated water content (RWCy=30%) induced a 50% loss of rehydration capacity (PLRCso) and 35% loss of chlorophyll fluorescence (PLCF35) in
rehydrated, compared with saturated, leaves, defining the dehydration thresholds RWC@PLRCso = RWC@PLCF35 =30%.

vulnerable to persistent damage (John ez 4/, 2018), and severe
drought causes persistent reductions in the tropical carbon sink
(Yang ez al, 2018). We evaluated the coordination between
drought resilience and resistance by testing correlations between
the thresholds for persistent damage, leaf and stem embolism
resistance, and dry season water potentials. We hypothesized that
plants would adapt to undergo more negative water potentials in
the dry season by increasing both resistance to damage during
drought and resilience to persistent damage after drought (Fig. 2,
#1-7). We assessed species’ risk of damage during and after
drought by calculating hydraulic safety margins, as the differences
between Wyip and the thresholds inducing embolism and persis-
tent damage to rehydration capacity and photochemical function.
We hypothesized that smaller safety margins predict larger persis-
tent declines in sap flow and stem diameter growth (Fig. 2, #8—
13). Persistent damage to leaf function or drought-induced leaf
senescence could cause persistent reductions in canopy-scale tran-
spiration and carbon assimilation, thereby reducing plant sap
flow and stem growth.

Materials and Methods

Study site and species

This study was conducted at the Paracou long-term research sta-
tion in French Guiana (5°16'26”N, 52°55'26"W), a lowland tro-
pical forest, with a mean annual temperature of 25.7°C and
annual precipitation of 3102 mm (Gourlet-Fleury ez al, 2004).

New Phytologist (2023) 239: 576591
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Precipitation is seasonal, with nearly two-thirds of annual rainfall
occurring from March to June. Paracou experiences an annual
dry season from mid-August to mid-November, with < 100 mm
of rainfall per month (Aguilos ez al., 2019). The site is highly
diverse, with > 546 woody species with DBH > 2 cm reported
within 5 ha (Molino & Sabatier, 2001).

We selected eight abundant tree species that had previously
been measured for leaf and stem hydraulic traits and dry season
water potentials to measure here for leaf drought resilience
(Table 2). Half of the species are evergreen, one is drought-
deciduous, and three are supra-annually deciduous and undergo
leaf turnover after multiple years in almost any month (Loubry,
1994). We selected canopy (c. 50 m) trees with a DBH > 10 cm
and direct illumination on >50% of the canopy area from the
Guyaflux eddy covariance tower footprint (see Table 2 for sam-
ple sizes). We worked with tree climbers to sample 2—-3 m sunlit
branches early in the dry season (i.e. early to mid-September
2019). Sampled branches were kept in humidified bags, with the
cut ends wrapped in wet paper towels, and transported to the
laboratory in the afternoon. Branches were then recut underwater
two nodes above the initial cut and rehydrated overnight inside
humidified bags under cool, dark conditions.

Measuring thresholds for persistent declines in leaf
rehydration capacity and photochemical function

We characterized the water stress thresholds for persistent
declines in leaf rehydration capacity and chlorophyll fluorescence

© 2023 The Authors
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Table 1 Key symbols and definitions.

Symbol Units Definition

Water status and photochemical function

RWCq4 % Dehydrated leaf relative water content

Fu/Fm - Maximum quantum yield of photosystem Il

PLRC % Percent loss of rehydration capacity, the
difference in relative water content between
saturated and rehydrated leaves

PLCF % Percent loss of chlorophyll fluorescence, the

percent decline in F,/F, in rehydrated
compared with saturated leaves
Leaf resilience traits
WY@PLRC35, MPa
W@PLRCs,

Dehydrated water potential (¥) threshold
inducing a 35% (or 50%) decline in relative
water content in rehydrated, compared with
unstressed, leaves (i.e. a 35% or 50% loss of
rehydration capacity)

Dehydrated ¥ threshold inducing a 35% (or
50%) loss of chlorophyll fluorescence in
rehydrated, compared with unstressed, leaves

W@PLCF35, MPa
W@PLCF5o

Drought resistance traits

LXE W45, MPa Leaf water potential inducing 12%, 50%, or

Y50, Psg 88% embolism spread in the leaf xylem
Kstem P12, MPa Stem water potential inducing a 12%, 50%, or
Y50, Pag 88% decline in stem hydraulic conductivity,
respectively
¥Yup MPa Dry season midday leaf water potential
Plant sapflow resilience
PET mmd~" Cumulative daily potential evapotranspiration
Dy kg Cumulative daily tree sapflux density
dm™
d—1
Asapfiow % Percent change in D; in the postdrought

compared with predrought period, calculated

at the mean PET (i.e. 7Z.5mmd™")
Stem growth resilience
Bs - Modeled effect of the intensity of the preceding
dry season on the wet season diameter growth

rate for each species (s)

using the methods of Trueba ez al. (2019). Eight to 16 mature,
fully expanded leaves were sampled from each rehydrated branch
(n=37-58 per species; Table 2, Supporting Information
Table S1). All leaves were excised at the same time each morning,
to ensure a consistent rehydration time, then double-bagged, and
kept humid by placing wet paper towels in the outer bags. Leaves
were weighed for saturated mass (A4), then dark-adapted for
30 min, and measured for chlorophyll fluorescence with a
MINI-PAM 1II pulse-modulated fluorometer (Walz, Effeltrich,
Germany). Leaves were measured for minimum fluorescence
(£,), then exposed to a saturating pulse of red light (650 nm) at
5000 pmol m™*s™" for 0.8's, and measured for maximum fluor-
escence (F,,). These measurements were used to calculate F,/F,,
the maximum quantum yield of photosystem II, as:

F, Fn—F,

v Eqn 1
F. F. qan

© 2023 The Authors
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Fig. 2 Hypothesized and observed correlations with the leaf drought
resilience traits. Solid lines show causative, and dashed lines show
correlative relationships. Black lines indicate statistically significant
correlations. Box fill color indicates drought resilience (blue) or drought
resistance (gold) traits. Brackets indicate variables were measured at the
leaf or plant scale. (1, 2) We hypothesized that leaf xylem embolism could
prevent leaves from rehydrating and, thus, recovering photochemical
function, driving causative relationships between water potential
thresholds for leaf embolism resistance (LXE), loss of rehydration capacity
(Y@PLRC), and loss of chlorophyll fluorescence (¥@PLCF; Brodribb
etal., 2021; Trifilo et al., 2021). (3-5) Alternatively, these traits could be
correlated, but not causatively related, if leaves have evolved to stop
repairing damage and initiate senescence as the veins embolize, to avoid
wasting resources on repairing a hydraulically compromised leaf (Munné-
Bosch et al., 2001). On the contrary, recent work has hypothesized that
water storage and photosynthesis are specialized on different tissues (i.e.
the spongy and palisade mesophyll, respectively), which could allow
Y@PLRC and Y@PLCF to vary independently (Xiong & Nadal, 2020). (6,
7) We hypothesized leaves would regulate water potential to avoid persis-
tent damage, producing correlations between the damage thresholds and
midday water potentials in the dry season (¥mp). (8, 9) The difference
between these thresholds and W defines the safety margins for persis-
tent damage. (10, 11) Plants with smaller safety margins would be more
vulnerable to persistent leaf damage, which we hypothesized would limit
leaf-level gas exchange and/or reduce canopy area by triggering the
senescence of damaged leaves, thereby reducing canopy-level gas
exchange and, consequently, sap flow (Blackman et al., 2009). We mea-
sured drought resilience in sap flow as Asapfiow, the percent change in
cumulative daily sapflux before and after the 2018 dry season. (12, 13)
We hypothesized that persistent reductions in leaf function would limit
plant carbon assimilation and, consequently, stem diameter growth (Bro-
dribb et al., 2010; Kannenberg et al., 2019). We quantified drought resili-
ence in growth by fitting ps, the slope of the relationship between the
intensity of the dry season and stem growth rate in the subsequent wet
season. Greater resilience to photochemical damage was significantly cor-
related with greater resistance to leaf xylem embolism and more negative
water potentials in the dry season (Table 5; Fig. 4a,c). Larger safety mar-
gins for persistent photochemical damage were significantly correlated
with greater drought resilience in whole-plant sap flow (Table 6; Fig. 7).
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Table 2 Leaf water potential thresholds inducing 35% and 50% declines in rehydration capacity (i.e. Y¥@PLRC35 and Y@PLRCs0) and photochemical
function (i.e. Y@PLCF35 and Y@PLCFsy) in rehydrated, compared with unstressed, leaves of eight rainforest species.

Y@PLRC35 £ SD  W@PLRCs0+ SD Y@PLCF35 £SD  Y@PLCF50 £ SD
Species Family Phenology (MPa) (MPa) Nieat (MPa) (MPa) Meat Nindiv
Bocoa prouacensis (Aubl.) Fabaceae E? -1.83+0.26 —2.69+0.41 57 -3.10+0.58 —4.90+0.78 59 4
Dicorynia guianensis (Amshoff) Fabaceae D -1.804+0.28 —-2.39+0.38 45 -1.91+0.32 -2.174+0.33 48 3
Eperua falcata (Aubl.) Fabaceae D -1.94+0.25 -2.53+0.34 38 -2.46+0.35 —2.88+0.35 39 3
Eperua grandiflora (Aubl.) Fabaceae E? -2.134+0.32 -2.79+0.45 36 —-2.42+0.68 -3.67 +£0.60 36 3
Eschweilera sagotiana (Miers)  Lecythidaceae E? -1.88+0.24 -2.544+0.33 40 -1.58+0.20 -1.80+0.20 47 3
Lecythis poiteaui (O. Berg) Lecythidaceae D -2.23+0.35 -2.78+£0.45 43  -2.96+0.57 -3.36+0.58 46 3
Pradosia cochlearia ((Lecomte) Sapotaceae DD -235+0.34 —2.924+0.53 45 -2.92+053 -3.47+0.59 45 3
T.D. Penn.)
Virola michelii (Heckel) Myristicaceae E -1.98+0.23 -2.32+£0.30 38 -2.13+0.33 -2.87+£0.30 46 3

Ningiv is the number of individuals and nje4¢ is the number of leaves sampled per species for each trait. Leaves were pooled to calculate one value of each
threshold per species. SD is the standard deviation, calculated by propagating uncertainty from the leaf osmotic potential measurements and best-fit rela-
tionships between leaf dehydration, PLRC, and PLCF (see Supporting Information Methods S1). Best-fit relationships are shown in Figs S1 and S2. Names
in parentheses following the species binomials indicate taxonomic authorities. Phenological categories are E for evergreen, DD for drought-deciduous (i.e.
with leaf-fall concentrated in the September—November dry season), and D for nondrought-deciduous (i.e. with leaf-fall occurring throughout the year;
Ziegler et al., 2019). Question marks indicate these classifications are based on observations by site botanists but have not been confirmed with litterfall
monitoring. Thresholds measured in units of relative water content (e.g. RWC@PLRC35) are provided in Table S3. Standard deviations for the RWC thresh-

olds are provided in Table S4.

Leaves were then bench-dehydrated under ambient laboratory
conditions. Each leaf was measured once for dehydrated mass
(My) and dehydrated F,/F,. Dehydration times were varied
across leaves to generate a wide range in water stress for each spe-
cies. Measured leaves were then double-bagged to avoid water
loss until all leaves could be arranged for rehydration at the same
time each night. To rehydrate, the petioles were submerged in
water, while avoiding wetting the blade, and the leaves were cov-
ered with humidified bags. Leaves were rehydrated overnight (12
h), all rebagged at the same time the next morning and measured
for rehydrated mass (M) and rehydrated F,/F,,. Leaves were then
oven-dried at 70°C for 72 h to measure dry mass (M;,).

Dehydrated and rehydrated leaf relative water contents
(RWC4 and RWC,) were calculated as:

RWCy = Ma=May Eqn 2a
Ms_Mdry
Mr_Mdr

RWC, = ! Eqn 2b
MsfMdry an

and the percent loss of relative water content and F,/F,, between
saturated (s) and rehydrated (r) leaves (PLRC and PLCF) were

calculated as:

PLRC = 100(1—RWC,) Eqn 3a
(F,/Fn) )

PLCF = 100(1—7r Eqn 3b
(FV/Fm)s

where PLRC or PLCF =0 indicates the rehydrated leaves fully
recovered to saturated values.

Damage thresholds were calculated by using maximum likeli-
hood to fit relationships between PLRC or PLCF (y) as functions
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of water stress (x=RWC,). We pooled all leaves for each species,
and, since the shape of these relationships can vary across species
(Trueba ez al.,, 2019), fitted each species with linear (y = 2 + bx),
exponential (y = ae™%), and sigmoidal (y = a/(1 + e~ (=9/9)))
functions using the LIKELIHOOD package in R (v.4.1.0; Mur-
phy, 2015; Table S2; Figs S1, S2). We selected the best-fit model
for each species, as either the model with the lowest AICc value
(Akaike Information Criterion corrected for small sample sizes),
if that value was > 2 units below the other models, or the most
parsimonious model with an AICc value within 2 units of the
lowest AICc (Burnham & Anderson, 2010). Best-fit relationships
were mostly linear for PLRC (i.e. 5/8 species) and sigmoidal for
PLCEF (i.e. 6/8 species; Table S2; Figs S1, S2). The best-fit model
for each species was used to calculate the RWCy values inducing
35% and 50% declines in RWC and F,/F,, in rehydrated com-
pared with saturated leaves (i.e. RWC@PLRC;5, RWC@PLRCsy,
RWC@PLCF;s, and RWC@PLCFsy; see the explanation for these
thresholds below).

The RWCy thresholds were converted to water potentials (W)
with the pressure—volume curve equation:

T, (1—ar)
yo U <,
(RWC/100—a) O = T

Eqn 4
where T, is the osmotic potential at full hydration, 4 is the apo-
plastic water fraction, and 7, is the turgor loss point (Bartlett
et al., 2012b). ®, was measured with the osmometer method
(Moem) (Bartlett ez al, 2012a) in a previous study (Ziegler
et al., 2019) and converted to the pressure—volume curve values
for m, and my, using the regressions from Bartlett ez 4/ (2012a).
Toem Was measured late in the 2017 dry season (late October—
early November), but Ty, values measured for the same trees in
the 2018 wet season (June) suggest osmotic adjustment mini-
mally impacted our W estimates. ¥ thresholds calculated from
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dry season Ty, values were only 4% different from thresholds
calculated from wet season values, on average, and the thresholds
were strongly correlated across species (#=0.76-0.91, P< 0.01,
n=8; Fig. S3). We also made the simplifying assumption that
a; =0, as ar values were not available for these species, which
could underestimate the W thresholds (i.e. overestimate resili-
ence). However, 4 is typically low for tropical seasonal forests
(mean a4;=0.17; Bartletct er al, 2012b), and comparing
Y @PLRC3s5 values estimated from #=0 and the measured
values for the nine species from John et 4/ (2018) and Trueba
et al. (2019) with available data found these estimates were well-
correlated (# =0.62, P=0.01), suggesting that 4 is at most only
a moderate driver of variation in these thresholds.

We calculated both low and high thresholds for damage
since correlations could differ across thresholds. Lower thresh-
olds for declines in hydraulic conductivity (12%) are typically
closer to, and thus more strongly correlated with, leaf water
potentials (Bartlett ez al, 2016a), while higher thresholds
(50%) are generally more strongly correlated with severe
drought impacts, such as canopy dieback (Pineda-Garcia ez al.,
2012). We used 50% as the higher threshold (e.g. ¥ @PLRCs))
for consistency with the vulnerability curves (see below). The
vulnerability curves used 12% as the lower threshold (see
below), but Eqn 4 is only applicable to RWC values for which
W <7y, and 35% was the lowest RWCy threshold for which
all estimated ¥ values were < gp Thus, we used the ¥ values
inducing 35% declines in rehydration capacity and chlorophyll
fluorescence as our lower thresholds (e.g. ¥ @PLRC;3s). Finally,
we used the propagation of error formula to estimate standard
deviations for these thresholds from the variances of the osmotic
potential measurements and fitted parameters (Methods S1;

Table S4).

Hydraulic traits and water potentials

We compiled published values for leaf and stem xylem embolism
resistance (Tables 3, S3). Detailed methods are provided in Zieg-
ler et al. (2019) and Levionnois et a/. (2020). Briefly, stem embo-
lism resistance was measured with the fow-centrifugation
technique, adapted for long-vesseled species (Burlett ez 2/, 2022).
Leaf xylem embolism resistance was measured with the optical
light transmission method (Brodribb ez 4/, 2016). The water
potential thresholds for 12%, 50%, and 88% declines in stem
conductance or nonembolized leaf xylem pixels were extracted
from fitted sigmoidal vulnerability curves (i.e. Ko and LXE
W, Wso, and Wgg, respectively). Sample sizes are provided in
Table 3.

We also compiled published midday leaf water potential mea-
surements (Wpp) from a typical (early October 2018) and a
severe dry season (early November 2008) (Stahl et af, 2010;
Ziegler et al., 2019). ¥yp was measured with a pressure chamber
(Model 1505D; PMS, Albany, OR, USA) on mature sunlit leaves
sampled from the canopy by tree climbers from 11:00 to 14:00 h
on sunny days (7= 3-6) (Table 3). Measurements by the nearby
Guyaflux tower confirmed vapor pressure deficit was high on
these days (> 1.3 kPa) for the dry season at Paracou (Ziegler
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et al., 2019). Sampled leaves were immediately bagged and mea-
sured within 10 min. Wyp was measured for all eight species in
2018 and four species in 2008 (Table 3). Forty years of soil rela-
tive extractable water (REW) measurements at Paracou indicate
that 2018 was a dry season of typical intensity (i.e. minimum
REW = 0.21), while 2008 was the second-driest season on record
(i.e. minimum REW =0.10; Wagner er al, 2011; Aguilos
et al., 2019). REW measures the proportion of soil water avail-
able for plant uptake; values < 0.4 indicate water stress sufficient
(Wagner

to reduce ecosystem productivity at Paracou

et al., 2011; Stahl ez al., 2013).

Stem sap flow

Stem sapflux density was measured continuously on two trees
each of four species (Dicorynia guianensis Amshoff, Eperua falcata
Aubl., Eschweilera sagotiana Miers, Pradosia cochlearia O. Berg)
from the end of the rainy season, through the dry season, and 1
month following the return of the rain (i.e. 11 July to 8 Decem-
ber 2018; Table 4). This period includes the typical-intensity
2018 dry season. The same trees were measured for Wyp. Each
tree was equipped with Granier-type sensors (UP GmbH Head-
quarters, Ibbenbiiren, Germany) consisting of two 20-mm-long
and 2-mm-wide probes that were inserted radially into sapwood
10 cm from one another and at an approximate height of 1.5 m.
The higher probe was heated and the lower one, acting as the
reference, was not. Sapflux density was inferred from the tem-
perature difference between probes (Granier, 1987). The stems,
at the location of probe insertion, were covered in a thick multi-
layer thermal insulator to minimize any potential bias due to the
sun heating the trunk or to water throughfall. Heat flux density
was logged every 30 s (CR1000 Datalogger; Campbell Scientific,
Shepshed, UK) and averaged every 30 min. Hourly sapflux den-
sity was summed to obtain daily sapflux density (D kgdm™
d. Atmospheric evaporative demand was measured as the
cumulative daily potential evapotranspiration (PET; mmd™"),
which was calculated from the climate variables measured by the
Guyaflux tower with the Penman—Monteith equation.

Stem diameter growth

We used DBH measurements from canopy trees in the Guyaflux
tower footprint to characterize growth resilience to drought
(Wagner er al., 2012). Fifty-one canopy trees from four of our
focal species (Bocoa prouacensis Aubl., D. guianensis, E. falcata,
and E. sagotiana) were fitted with hand-made metal dendrometer
bands and measured for DBH every ¢. 40 d from April 2007 to
September 2010, including during the extreme dry season (z=
4-25; Stahl et al., 2010).

Statistical analyses

To evaluate the relationships between resistance to damage during
and after drought, we used linear regression to test for correlations
between the ¥ thresholds for persistent damage and leaf and stem
embolism and midday leaf water potential (¥yp) from the typical
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Table 3 Drought resistance traits and dry season water potentials compiled from the literature (Ziegler et al., 2019; Levionnois et al., 2020).
Species LXE ¥50 (MPa) Nieaf Kstem W50 (MPa) Nstem 2008 ¥pmp (MPa) Nieaf 2018 ¥pmp (MPa) Nieaf
Bocoa prouacensis -4.61 2 -4.29 5 -2.08 3 -1.74 8
Dicorynia guianensis —3.48 3 -2.38 6 -1.74 4 -1.36 7
Eperua falcata -3.68 3 -3.86 4 -1.93 5 -1.29 5
Eperua grandiflora -4.40 3 -6.14 4 -1.29 4
Eschweilera sagotiana -2.25 3 -2.88 5 -1.74 4 -1.23 7
Lecythis poiteaui -3.37 2 -2.14 4 -1.82 4
Pradosia cochlearia -4.51 3 -6.25 5 -2.25 6
Virola michelii —-2.62 3 -5.27 6 —0.88 6

LXE W5, are the leaf water potential thresholds for a 50% spread in leaf xylem embolism. Ksem ¥so are the stem water potential thresholds for a 50% loss
of stem hydraulic conductivity. 12% and 88% thresholds are provided in Supporting Information Table S3. Midday leaf water potentials (¥mp) were
measured in a typical and a historically severe dry season (i.e. 2018 and 2008, respectively; Stahl et al., 2010; Ziegler et al., 2019). Njeat is the number of
leaves sampled to measure leaf embolism resistance or water potential and ngem is the number of branches sampled to measure stem hydraulic

vulnerability.

Table 4 Leaf water stress, safety margins, and sapflow resilience to drought measured for eight canopy trees from four focal species.

Species Indiv. 2018 ¥Ymp (MPa) Ymp — Y@PLRC35 (MPa) Ymp — Y@PLCF35 (MPa) Asgaptiow (%)
Dicorynia guianensis 1 -1.13 0.67 0.78 19.9
D. guianensis 2 -1.51 0.29 0.4 -53
Eperua falcata 1 -1.15 0.79 1.31 43.1
E. falcata 2 -1.82 0.12 0.64 22.4
Eschweilera sagotiana 1 -1.35 0.53 0.23 -19.6
E. sagotiana 2 -1.43 0.45 0.15 -14.8
Pradosia cochlearia 1 -2.85 -0.5 0.07 -2.0
P. cochlearia 2 -1.28 1.07 1.64 21.6

Ymp is the midday leaf water potential from the typical (2018) dry season. Safety margins are calculated as the difference between ¥y p and the thresholds
for persistent damage to rehydration capacity and photochemical function and resistance to leaf and stem embolism (e.g. ¥mp — Y@PLRC35). Ppmp is
measured for the individual trees, and the drought resilience and resistance thresholds are the values for each species (Table 2). As,pfiow is the percent
change in cumulative daily sapflow, calculated at the mean daily potential evapotranspiration (i.e. 7.5 mm d="), before and after the 2018 dry season (i.e.
(postdrought — predrought)/predrought). Negative As.priow values indicate that whole-plant sap flow remained lower in the wet period after the 2018 dry
season, compared with the preceding wet period. Safety margins for incipient (12%) embolism are provided in Supporting Information Table S5.

(2018) and severe (2008) dry seasons. For all linear regressions, we
conducted standard tests for normality and heteroscedasticity to
ensure these analyses were appropriate.

To characterize species’ risk of damage during and after
drought, we used mean Wyp values to calculate safety margins
from species’ thresholds for leaf and stem embolism and persis-
tent damage to rehydration capacity and photochemical function
(e.g. Ymp — W@PLRC35). We used #tests to evaluate whether
the safety margins for persistent damage were significantly differ-
ent from 0 in either year.

We then tested whether larger safety margins predict greater
resilience in sap flow. We used REW to define periods with
high soil moisture (i.e. REW >0.8) before and after the 2018
dry season (i.e. a ‘wet’ and a ‘recovery’ period, respectively).
Then, we fitted linear regressions between cumulative daily
potential evapotranspiration (PET) and daily sapflux density
(Dy) for each individual to evaluate plant capacity to increase
transpiration to meet evaporative demand. We fitted separate
regressions for the wet and recovery periods for each individual
and used the regressions to calculate daily sapflux density in
each period at the mean daily PET over both periods (7.5 mm
d™"), and recovery as the percent change in daily sapflux density
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at mean PET (Agpa0w) in the recovery compared with the wet
period. Individual safety margins were calculated from indivi-
dual Wyp measurements and species thresholds for embolism
and persistent damage.

Finally, we tested whether larger safety margins predict greater
resilience in diameter growth after drought. We calculated safety
margins from species thresholds for embolism and persistent
damage and species mean Wyp values in the severe 2008 dry sea-
son, the driest point of the dendrometer monitoring period. We
used a hierarchical Bayesian model to predict the growth rate for
each individual 7 of species s for the wet season of year # (G‘szl)
as a function of the safety margins (Trait)) and drought intensity
of the previous dry season (D;_1)
GV~ N(((xi,, +B,D;1), 02)

1,5,

Eqn 5a

B, ~ N ((B + yTrait,), op) Eqn 5b

D, represents cumulative stress over the dry season and was
calculated as Zg(REWd—OA), the cumulative difference
between the daily REW (REW,) and threshold for drought
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stress at Paracou (REW =0.4). a;, B, and y are fitted para-
meters. o;, is the wet season growth rate of individual 7 of
species s after an average dry season. f is the average effect of
dry season intensity on wet season growth across species, and
y is the effect of the safety margin on the wet season growth
response to dry season intensity. B, represents the effect of dry
season intensity on growth in the following wet season for
each species s. A more negative f; indicates a species’ growth
rate is more strongly reduced after an intense dry season, and
thus, less resilient to drought. We tested whether larger safety
margins were associated with a less negative . The model was
fitted with an adaptive form of the Hamiltonian Monte Carlo
sampling (Carpenter et al, 2017) using the RsTAN package
(Stan Development Team, 2018) and weakly informative
priors (Methods S1).

Results

Thresholds for persistent declines in leaf rehydration
capacity and photochemical function

Across the eight tropical species, 35% and 50% declines in leaf
rehydration capacity (PLRCss and PLRCsp) occurred at W
thresholds of —2.02 £ 0.08 MPa and —2.61 = 0.09 MPa, respec-
tively (mean = standard error) (Table 2; Fig. 3a). 35% and 50%
declines in chlorophyll fluorescence (PLCF3s and PLCFsg)
occurred at ¥ thresholds of —2.43 £ 0.20 MPa and —3.14 +
0.36 MPa (Table 2; Fig. 3a). The thresholds for 35% fluores-
cence loss were significantly more negative than for rehydration
capacity (paired #tests, P=0.04, n=8), while Y@PLRCs; and
Y@PLCFs, were not significantly different (P=0.13, n=38).
The PLRC and PLCF thresholds were not correlated (# = 0.01,
P> 0.05, n=8; Fig. 3b).

(a)
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Resilience to persistent leaf photochemical damage is
correlated with leaf embolism resistance and water stress in
the dry season

The species with greater resilience to persistent photochemical
damage were more resistant to leaf xylem embolism and exhib-
ited more negative water potentials in the dry season. Y@PLCF35
and W@PLCFs, were correlated with thresholds for severe leaf
xylem embolism (LXE Ws, and Wgg; 7 = 0.50-0.56, P< 0.05,
n=28), but not incipient embolism (LXE ¥,,; #=0-0.19, P>
0.2; Table 5; Fig. 4a). Conversely, neither WY@PLRCss nor
Y@PLRCsy was correlated with vein embolism resistance,
though the correlations with LXE W5, were marginally significant
(both P=0.07, n=8; Table 5; Fig. 4b). None of the Y@PLRC
or W@PLCF thresholds were correlated with stem embolism
resistance (P> 0.2; Table 5).

Y@PLCF35 was correlated with midday leaf water potentials
(Wmp) in both the typical (2018) and severe (2008) dry seasons
(# = 0.45 and 0.94, P< 0.05, »=8 and 4, respectively; Table 5;
Fig. 4c). YW@PLCFs, was correlated with Wyp in the extreme
(#* =0.88, P=0.04, n=4) but not the typical dry season (P=
0.2, n=8), while the opposite was true for Y@PLRCs, (=
0.61, P=0.02 for 2018, P=0.1 for 2008; Table 5; Fig. 4d).
Y@PLRC35 was not correlated with Wyp in either 2008 or 2018
(P> 0.05; Table 5).

Safety margins for persistent damage are positive in a
typical dry season

The safety margins for Y@PLRC35 and W@PLCF;5 were signifi-
cantly >0 in the typical dry season (i.e. 0.4640.13 MPa
for Y@PLRC35 and 0.85 + 0.24 MPa for Y@PLCF;5, P < 0.01,

n=28; Fig. 5). For the four species that were measured in both

(b)
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—
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Fig. 3 Water potential (¥) thresholds at which the eight tropical species lose 35% of their leaf rehydration capacity (PLRCss, blue bars) or maximum
quantum efficiency of photosystem Il (PLCFss, gray bars) in rehydrated compared with saturated leaves (a) and the relationship between PLRC35 and
PLCF35 (b) (Table 2). Abbreviations are the first letter of each genus and species (Bocoa prouacensis, Dicorynia guianensis, Eperua falcata, E. grandiflora,
Eschweilera sagotiana, Lecythis poiteaui, Pradosia cochlearia, and Virola michelii). Error bars are SDs (see Supporting Information Methods S1). Dotted
line is the 1: 1 line. We hypothesized that the drought resilience traits would be correlated if losing rehydration capacity prevents leaves from regaining
photochemical function (Fig. 2, #2), or leaves have been selected to stop repairing damage in multiple functions at similar water stress thresholds

(Fig. 2, #5). However, contrary to expectation, PLRC35 and PLCF35 were not significantly correlated (= 0.15, P=0.19, n = 8).
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Table 5 r values for the correlations between the drought resilience traits
(i.e. water potential thresholds for persistent damage to rehydration
capacity and photochemical function), drought resistance traits (i.e. water
potential thresholds for leaf xylem embolism and declines in stem hydraulic
conductance during dehydration), and water stress (i.e. midday leaf water
potentials during a typical (2018) and severe (2008) dry season) in situ in a
natural tropical ecosystem.

W@PLRC3s W@PLRCs, W@PLCF35 W@PLCFsp
(MPa) (MPa) (MPa) (MPa)

LXE ¥,, (MPa) 0 0.01 0 0.19

LXE W50 (MPa) 0 0.35 0.50* 0.56%*

LXE Wgg (MPa) 0 0.31 0.52+ 0.54*

Kstem P12 (MPa)  0.02 0.01 0 0.02

Kstem W50 (MPa)  0.07 0 0 0.05

Kstem Pgg (MPa)  0.10 0 0 0.06

2018 Ypmp (MPa) 0.25 0.61* 0.45* 0.09

2008 ¥pmp (MPa) O 0.51 0.94* 0.88*

Asterisks and bold indicate significant correlations (P < 0.05). n = 8, except
for the correlations with the 2008 midday water potentials, where n =4
(Table 3).

years, ¥yp decreased from —1.40 £ 0.11 MPa to —1.87 +0.08
MPa in 2018 and 2008, respectively. In the extreme dry season,
safety margins decreased and became close to zero for
Y@PLRC35 and W@PLCF;5 (—0.01 +0.08 MPa and 0.39 +
0.25 MPa, respectively) and were not statistically different from 0
(P> 0.05; Fig, 5).

Drought resilience in sap flow is correlated with safety
margins for persistent photochemical damage and leaf
xylem embolism

The Amazonian trees with smaller safety margins for photoche-
mical damage and leaf xylem embolism resistance exhibited
greater reductions in sap flow between the wet and recovery peri-
ods (i.e. the 2-3-wk periods with high soil moisture before and
after the 2018 dry season, respectively). Sap flow and safety mar-
gins were measured for eight individuals of four species (Tables 4,
S5). Sap flow at the mean PET (i.e. 7.5 mm d™1) was lower in
the recovery than in the wet period for half of the individuals
(Table 4; Fig. 6). Agpfiow» the percent change in sap flow at mean
PET between the wet and recovery periods, was significantly cor-
related with the safety margins for persistent damage to F,/F,
(# =0.76-0.79 for Y@PLCF55 and Y@PLCFs,, P< 0.01, n=
8) and leaf xylem embolism resistance (#=0.55-0.82 for LXE
Wi, Wso and Wsg, < 0.05, n=8; Table 6; Fig. 7). Agpfiow Was
not correlated with Wyp or the safety margins for Y@PLRC or
stem embolism resistance (Table 6).

Safety margins for photochemical damage and embolism
were associated, but not significantly correlated, with
drought resilience in stem growth

We observed a general trend that stem diameter growth rates in
the 2007-2010 wet seasons were inversely related to the intensity
of the preceding dry season and that growth reductions were lar-
ger in the species with smaller safety margins, though these
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relationships were not significant for our small species set (7 =4;
Tables S6, S7; Fig. S3). We defined species’ growth resilience
from the fitted slopes for relationships between dry season inten-
sity and growth in the subsequent wet season (B). p; values were
typically negative, indicating wet season growth rates were
reduced proportionally to the intensity of the preceding dry sea-
son, and more negative, indicating larger reductions in growth,
in the species with smaller safety margins for leaf and stem embo-
lism and persistent photochemical damage, although the relation-
ship with the safety margin for rehydration capacity was in the
opposite direction than expected (Tables S6, S7; Fig. S3). How-
ever, the 95% credibility intervals for B, overlapped with 0, indi-
cating species’ growth responses were not significantly different
from 0.

Discussion

This study is the first to show that the thresholds for persistent
damage to photochemical function are an integral part of broader
plant drought tolerance. Drought resilience in leaf photochemis-
try was strongly coordinated with drought resistance across co-
occurring species within a tropical forest. The species with more
negative thresholds for persistent photochemical damage were
more resistant to leaf vein embolism and exhibited more negative
water potentials in the dry season (Table 5; Fig. 4a,c). Leaf resili-
ence to photochemical damage also emerged as a promising func-
tional trait to characterize whole-plant drought resilience. The
plants that maintained larger safety margins for persistent photo-
chemical damage exhibited greater resilience in sap flow (Table 6;
Fig. 7). The coordination between leaf and plant drought resili-
ence and strong reductions in the safety margins for photochemi-
cal damage in the severe dry season (Fig. 5) suggest that the
increased drought severity projected for the American tropics will
hinder plant and ecosystem carbon uptake beyond drought
events. The coordination between resistance and resilience sug-
gests that species’” differences in performance during drought will
be perpetuated after drought, potentially accelerating shifts in
forest composition.

Potential mechanisms driving relationships between leaf
drought resistance and resilience

The positive correlations between W@PLCF3s and leaf vein
embolism resistance could reflect a direct effect of embolism on
FJF, (Fig. 2, #1, 2) or an evolutionary coordination between
leaf xylem and photochemical drought responses (Figs 2, #4, 4a).
In intact plants that have been dehydrated and rewatered, embo-
lized veins typically fail to refill, which may prevent the down-
stream mesophyll tssue from fully rehydrating (Johnson
et al., 2018; Brodribb et 4/, 2021). Thus, embolism could have
prevented recovery in F,/F;, in this study, driving a causative rela-
tionship between W@PLCF;5 and LXE Wso. However, rehy-
drated excised leaves can at least partly refill embolized veins
through capillarity (Johnson ez 4/, 2018). Instead, dehydration
could directly impact F,/F,, by physically deforming the chloro-
plasts and increasing oxidative damage to the electron transport
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Fig. 4 Relationships between the leaf drought resilience traits, leaf vein embolism resistance (a, b), and dry season water potentials (c, d) across the eight
rainforest species. The water potential thresholds for persistent declines in F,/F.,, are shown in the left panels (P@PLCF, a, c) and thresholds for persistent
declines in rehydration capacity are shown on the right (F@PLRC, b, d). The blue and gray points show thresholds for 35% and 50% declines, respectively.
LXE W5, is the leaf water potential threshold for 50% embolism spread in the leaf veins (a, b). Ymp is the midday leaf water potential in the 2018 or 2008
dry season (c, d). Solid lines are statistically significant correlations. We hypothesized that leaf embolism resistance and the drought resilience traits would
be causatively related if embolism prevents leaves from rehydrating and, thus, regaining F,/F.,, or simply correlated (Fig. 2, #1, 2), if leaves have evolved to
stop repairing damage as the veins embolize (Fig. 2, #3, 4) (Brodribb et al., 2021; Trifilo et al., 2021). We also hypothesized the drought resilience traits
and ¥mp would be correlated if leaves regulate water potential to avoid persistent damage (Fig. 2, #6, 7). We found that the higher thresholds (50% and
88%) for leaf embolism resistance were significantly correlated with both thresholds for persistent damage to F,/F, (P@PLCF, r> = 0.50, P < 0.01, a) but
not rehydration capacity (Y¥@PLRC, r? =0.01, P=0.4, b) (Table 5). Greater photochemical resilience was significantly correlated with more negative water
potentials in both dry seasons (i.e. for ¥@PLCFss, ?=0.45 and 0.94, P < 0.05, n =8 and 4 for 2018 and 2008, c) (Table 5).

chain (Moran et al., 1994; Zhang et al, 2015), or indirectly
reduce F/F,, by triggering chloroplast degradation as a part of
leaf senescence (Munné-Bosch et al, 2001; Vollenweider
et al., 2016). Thus, the correlations in this study could reflect
independent selection for xylem and photochemical drought
resistance. Plants could be selected to stop protecting or repairing
the photochemical machinery or to initiate leaf senescence at the
water stress thresholds for vein embolism, to reduce resource allo-
cation to dysfunctional leaves. In this case, refilling through capil-
larity would not reverse the chloroplast damage or active
degradation due to dehydration that coincides with embolism.
Future work is needed to determine whether photochemical resis-
tance to persistent damage is directly influenced by vein embo-
lism, or indirectly set by other mechanisms coordinated with
hydraulics, including reactive oxygen species production and
scavenging and aspects of thylakoid membrane composition and

© 2023 The Authors
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structure (Fan er al, 2009; Saglam ez al, 2011; X.-K. Guan
et al., 2015; Igbal ez al., 2019).

Greater resilience to persistent photochemical damage and
resistance to leaf xylem embolism were also coordinated with
reaching more negative leaf water potentials in the dry season
(Wmps Table 5; Fig. 4c). These relationships are consistent with
the expectation that plants regulate water potential to avoid per-
sistent damage (Fig. 2, #7) and indicate that plants adapt to
greater dehydration by increasing resistance to damage both dur-
ing and after drought. The resistant/resilient species could reach
more negative water potentials because these traits are coordi-
nated with drought-resistant stomatal behavior, where stomata
remain open under more negative water potentials, or because
these species are associated with drier microhabitats within forests
(e.g. shallower rooting depths and drier topographic associations;
Bartlett ez al, 2016b). These traits were correlated with stomatal
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Fig. 5 Safety margins for rehydration capacity and photochemical function
in a typical (2018, blue bars) and an extreme (2008, gray bars) dry season.
Black outlines indicate safety margins for rehydration capacity (¥mp —
PLRC35) and gold outlines indicate margins for photochemical damage
(Wwmp — PLCF35). Left blue bars show mean safety margins for all eight
species measured in 2018, and the middle blue bars show the four species
measured in both seasons. Safety margins were significantly > 0 in the
typical dry season, but not the extreme dry season.

behavior across species from biomes world-wide (Trueba
et al., 2019), but variation in stomatal behavior or rooting depth
across co-occurring species at Paracou is largely unknown.

Even though rehydration capacity was more vulnerable to per-
sistent damage than photochemistry, and thus theoretically more
limiting to leaf function, rehydration capacity was not correlated
with Y@PLCF, vein embolism resistance, or Wyp, contrary to
expectation (Fig. 2, #1-3, 5). This could reflect the limited varia-
tion in Y@PLRC in these species (i.e. Y@PLRC35 ranges from
—1.8 to —2.4 MPa, while Y@PLCF;5 ranges from —1.6 to —3.1
MPa; Fig. 3a). Disruptions to the electron transport chain reac-
tions occur under more severe dehydration than cell wall collapse
and deformation (Lamont & Lamont, 2000), so F,/F, could
remain high even when rehydration capacity is reduced as long as
rehydrated RWC is above the thresholds for photochemical
damage, decoupling Y@PLCF from W@PLRC (Fig. 3b). The
weak relationships between W@PLRC and W@PLCF are also
consistent with the hypothesis that water storage and photosynth-
esis are specialized to different tissues, since most of leaf chloro-
phyll fluorescence originates in the palisade mesophyll (Gould
et al., 2002), while most of the water released during dehydration
is from the spongy mesophyll (Binks ez af, 2016; Xiong &
Nadal, 2020). This hypothesis is also supported by findings from
other species. For Quercus robur, severe drought caused wide-
spread cell collapse and wall buckling in the spongy and palisade
mesophyll, and F,/F,, remained low for several weeks after rehy-
dration (Arend et al., 2013; Vollenweider et al., 2016). Conver-
sely, for Quercus petraea and Quercus pubescens at the same site,
cellular damage was concentrated in the spongy mesophyll while
the palisade remained largely intact, and F,/F,, recovered to satu-
rated values within days of rehydration. Further, the absence of
correlations between rehydration capacity, embolism resistance,
and water potential could indicate that losing rehydration capa-
city is a weaker constraint on leaf function than photochemical
function, and thus, there has been less selective pressure coordi-
nating these traits (Table 5; Fig. 4b,d). For example, some
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angiosperms exhibit a close hydraulic connection between the
veins and epidermis that allows some water transport to bypass
the mesophyll and prioritize rehydrating the epidermis, which
could allow the stomata to recover turgor and reopen before the

spongy mesophyll has fully rehydrated (Zwieniecki ez a/., 2007).

Potential mechanisms linking leaf to whole-plant drought
resilience

Leaf safety margins for persistent photochemical damage and vein
embolism were positively correlated with drought resilience in
plant sap flow (Table 6; Fig. 7), consistent with the expectation
that plants with larger safety margins avoid persistent damage to
leaf function and, potentially, triggering significant leaf senes-
cence, allowing canopy-scale gas exchange to return to pre-
drought levels more quickly at the beginning of the postdrought
wet season (Fig. 2, #9). In half of the individuals, sap flow was
higher after drought than before, suggesting that avoiding leaf
damage facilitated new growth and quickly increased canopy size
and, thus, transpiration and sap flow, relative to the predrought
period (Blackman ez al., 2009; Table 4). The leaf area index at
Paracou typically peaks early in the wet season, indicating this is
a period of rapid growth for many trees at this site (Wagner ez 4/,
2013). An important effect of leaf senescence on sapflow resili-
ence would suggest that resilience varies with phenology. Cumu-
lative leaf damage over multiple droughts reduced resilience in
carbon gain for conifers with long leaf lifespans, while the oppo-
site extreme, drought-deciduousness, could also reduce sapflow
resilience, since the entire canopy area must be replaced after
drought (Forner ez al., 2014; Song et al., 2022). However, the
timing and intensity of leaf senescence can be highly variable
across individuals, even within drought-deciduous species, indi-
cating more work is needed to relate individual leaf litterfall
dynamics to sapflow resilience (Maréchaux et 4/, 2018). More-
over, resilience could also be affected by rooting depth. Rainfall
would likely rehydrate trees with shallower roots more quickly,
but our findings suggest that deeper rooting could promote resili-
ence by maintaining larger safety margins for photochemical
damage during drought. Finally, contrary to expectation, the
safety margins for WY@PLCF3s and incipient embolism (LXE
W,) were positive even in the individuals where sap flow
declined (Table S5). The safety margins for LXE ¥, were large
even in the trees with reduced sap flow (0.55-1.19 MPa), but
narrower for Y@PLCF35 (0.07-0.40 MPa), even though 35% is
a higher threshold, suggesting that embolism was negligible, but
water potentials could have crossed lower thresholds for photo-
chemical damage (e.g. Y@PLCF,o; Table S5; Fig. 7). Future
work relating leaf damage to litterfall and leaf and plant gas
exchange is needed to determine the mechanisms relating safety
margins to sapflow drought resilience.

Stem diameter growth in the wet season was generally more
resilient to intense drought in the preceding dry season in the
species with larger safety margins for embolism and persistent
photochemical damage, though this trend was not significant in
this small species set (Table S6; Fig. S3). Persistent leaf damage
could reduce stem growth after drought by limiting carbon
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evaporative demand (cumulative daily
potential evapotranspiration; PET) and
transpiration (cumulative daily sap flow)
under well-watered conditions before (blue
circles) and after (black circles) the 2018

P. cochlearia 2

regular dry season. Each panel is one T
individual tree. Solid lines show best-fit 0
correlations. Colored areas show 95%

confidence intervals around each correlation.

assimilation or increasing the allocation of assimilated carbon or
stored carbohydrates to repairing damaged tissues or replacing
abscised leaves (Trugman er a/, 2018; Kannenberg ez al., 2019;
Fig. 2, #12, 13). Our findings suggest that measuring leaf
drought resilience could inform predictions for stem diameter
growth after drought, and thus, it is a valuable direction for
future work to robustly test these relationships across a large spe-
cies set in more ecosystems.

Implications for tropical forest responses to climate change

Climate change is predicted to exacerbate drought in the Eastern
Amazon by reducing mean annual precipitation and increasing
precipitation seasonality (i.e. intensifying the wet and dry sea-
sons; Duffy et al., 2015). Our findings suggest several mechan-
isms by which persistent leaf damage could reduce future carbon
sequestration in these forests. First, persistent photochemical

© 2023 The Authors
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damage or increased leaf senescence could reduce photosynthesis,
not only in the dry season but also at the beginning of the wet
season, when carbon assimilation should be high (K. Guan
et al., 2015). Second, accelerating leaf senescence could reduce
long-term carbon sequestration by increasing carbon allocation
to the rapid-cycling leaf biomass pool relative to woody biomass
(Galbraith er al, 2013; Yang er al, 2021). Finally, failing to
recover a positive carbon balance could increase tree mortality in
the years after severe droughts (Trugman e al., 2018). The posi-
tive coordination between drought resistance and resilience also
suggests that species’ differences in performance during drought
will be perpetuated afterward, accelerating the expected shifts in
forest composition toward drought-resistant/resilient species
(Fig. 4b,d; Bartlett er al, 2019). Our findings also point to
remote sensing for solar-induced chlorophyll fluorescence as a
promising approach to monitor immediate and persistent
drought impacts on tropical forest productivity (Lee ez al., 2013).
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Table 6 1 values for the correlations between the percent recovery in sap
flow after, compared with before, the 2018 dry season (Agpfiow), dry
season midday leaf water potentials (¥mp), and the safety margins
between ¥yp and the thresholds for persistent damage and hydraulic
damage during dehydration (e.g. ¥mp — Y@PLRC3s).

I
Yo 0
Ymp — Y@PLRC35 0.10
Yo — P@PLRCso 0.04
Yo — P@PLCF35 0.76%*
W — P@PLCF5, 0.79%%*
Ymp — LXE W45 0.82%*
Ymp — LXE Wso 0.67+*
W — LXE Weg 0.55%
lPMD - Kstem ‘P12 0.02
\PMD - Kstem \PEO 0.14
lIJMD - Kstem \PSS 0.10

Asterisks and bold text indicate significant correlations (*, P < 0.05; **,
P <0.01). n =8 canopy trees (Table 4).

o Wyp— lP@PLCF 35
o Wyp— LXEW;s,

Asapﬂow (%)

° )
20 - ° o
I I I T I
0 1 2 3 4
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Fig. 7 Correlations between recovery in sap flow and the safety margins
for persistent photochemical damage (¥mp — Y@PLCF35, black circles) and
leaf vein embolism (¥mp — LXE W50, gray circles) in eight individuals of our
four focal species (Table 4). LXE W5, is the leaf water potential threshold
for 50% embolism spread in the leaf veins. A pf0w is the percent change
in cumulative daily sap flow, calculated at the mean daily PET, before and
after the 2018 dry season (i.e. postdrought — predrought)/predrought).
Y¥mp is the midday water potential from the 2018 dry season. Aszpfiow and
¥ mp are measured for each individual, and LXE W50 and Y@ PLCF35 are
species means. Negative A,pf0w Values indicate that sap flow is lower in
the recovery than the in wet period. We hypothesized that plants with
larger safety margins would avoid persistent reductions in leaf-level gas
exchange, and potentially triggering leaf senescence, allowing canopy-
scale gas exchange to quickly return to predrought levels after drought
(Fig. 2, #10, 11). Consistent with this hypothesis, Asapriow Was significantly
positively correlated with the safety margins for all thresholds for ¥@PLCF
(*=0.76-0.79, P < 0.01, n =8) and LXE (* = 0.55-0.82, P < 0.05, n = 8).
However, contrary to expectation, Agapfi0w Was not correlated with either
threshold for Y@PLRC (> =0.04-0.1, P> 0.05, n =8).
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Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Relationships between the relative water content of the
dehydrated leaves (RWCy) and percent loss of rehydration capa-
city (PLRC) for the eight focal species.

Fig. S2 Relationships between RWCy and the percent loss of
photochemical function (PLCF) for the eight focal species.
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Fig. S3 Sensitivity analysis demonstrating a negligible effect of
seasonal osmotic adjustment on estimates for the water potential
thresholds for persistent leaf damage.

Fig. S4 Relationships between safety margins for persistent
damage and embolism and drought resilience in stem diameter
growth rates.

Methods S1 Supplementary methods.

Table S1 Dataset used to calculate PLRC, PLCF, and the thresh-
olds for persistent damage to rehydration capacity and chloro-
phyll fluorescence.

Table S2 Best-fit models relating the relative water content of the
dehydrated leaves (RWCy) to PLRC and PLCF.

Table S3 Trait dataset for the eight focal species.
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Table S4 Uncertainty estimates for the RWC thresholds for per-
sistent damage.

Table S5 Safety margins for incipient (12%) embolism for the
trees measured for sapflow resilience to drought.

Table S6 Safety margins for persistent damage and embolism for
the species measured for growth resilience to drought.

Table S7 Fitted parameter values for the growth resilience
models.
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