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Large‐scale vegetation mortality events continue to increase in 
many biomes across latitudes, elevations, and rainfall gradients 
(Allen et  al., 2010). These events shift community composition, 
threaten biodiversity, and can lead to dramatic changes in eco-
system carbon and water cycling. While new techniques have in-
creased our awareness of these events, information is still lacking 
about the coordinated physiological and functional responses of 
tree species in many understudied ecosystems (Meir et al., 2015), 
particularly in tropical montane cloud forests (TMCF), ecosystems 
with exceptionally high biodiversity and endemism on mountain 
slopes that are frequently foggy (Bruijnzeel and Veneklaas, 1998). 
Despite the perception of these ecosystems as being ever‐moist, the 

strong seasonality in many TMCFs can lead to plant water deficit in 
the dry season. They also disproportionately contribute to biodiver-
sity; in Mexico alone, TMCFs occupy less than 1% of the national 
territory, yet contribute 10% of plant biodiversity and numerous en-
demic species (Rzedowski, 1996; Williams‐Linera, 2002). Despite 
their significant contributions to biodiversity, there is little infor-
mation about how TMCF species will respond to more frequent 
droughts (e.g., Román‐Cuesta et al., 2011).

Drought resilience, the ability to survive drought, is a trade‐off 
between drought resistance (avoiding damage) and drought recov-
ery (returning to standard function following damage). Recent re-
search has demonstrated the importance of maintaining hydraulic 
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PREMISE: Understanding plant hydraulic functioning and water balance during drought has 
become key in predicting species survival and recovery. However, there are few insightful 
studies that couple physiological and morphological attributes for many ecosystems, 
such as the vulnerable Tropical Montane Cloud Forests (TMCF). In this study, we evaluated 
drought resistance and recovery for saplings for five tree species spanning deciduous to 
evergreen habits from a Mexican TMCF.

METHODS: In drought simulations, water was withheld until plants reached species‐specific 
P50 or P88 values (pressures required to induce a 50 or 88% loss in hydraulic conductivity), 
then they were rewatered. Drought resistance was considered within the isohydric–
anisohydric framework and compared to leaf gas exchange, water status, pressure–volume 
curves, specific leaf area, and stomatal density.

RESULTS: The TMCF species closed stomata well before significant losses in hydraulic 
conductivity (isohydric). Yet, despite the coordination of these traits, the traits were not 
useful for predicting the time needed for the species to reach critical hydraulic thresholds. 
Instead, maximum photosynthetic rates explained these times, reinforcing the linkage 
between hydraulic and carbon dynamics. Despite their varying hydraulic conductivities, 
stomatal responses, and times to hydraulic thresholds, 58 of the 60 study plants recovered 
after the rewatering. The recovery of photosynthesis and stomatal conductance can be 
explained by the P50 values and isohydry.

CONCLUSIONS: This study raises new questions surrounding drought management 
strategies, recovery processes, and how lethal thresholds are defined. Further studies need 
to consider the role of water and carbon balance in allowing for both survival and recovery 
from drought.
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conductivity as a key process in plant resilience to drought. Losses 
in hydraulic conductivity have been measured in both wet and dry 
ecosystems through vulnerability to xylem cavitation (Maherali 
et al., 2004; Brodribb et al., 2010; Urli et al., 2013) and demonstrated 
to affect gas exchange (Sack et  al., 2003; Blackman et  al., 2009; 
Choat et al., 2012), leaf morphological traits (Wright and Westoby, 
2002; Niinemets and Valladares, 2006; Hallik et al., 2009), relative 
growth rate (Brodribb et al., 2010), and pressure–volume curve pa-
rameters (Bartlett et al., 2012; Binks et al., 2016). As a whole, these 
studies demonstrate inherent linkages between physiological and 
morphological characteristics that can describe drought sensitivity, 
dieback, mortality, or recovery. Several key studies have supported 
the idea that thresholds of hydraulic loss exist that, once crossed, 
ultimately lead to mortality (e.g., Brodribb and Cochard, 2009; Urli 
et al., 2013). For TMCFs, only a few studies have addressed plant 
water relations (e.g., Gotsch et al., 2014), and none have specifically 
assessed species’ drought vulnerability and mortality thresholds. 
This topic is of great concern as recent El Niño events have resulted 
in large‐scale dieback and mortality, providing strong evidence that 
these communities are vulnerable to drought (Asbjornsen et  al., 
2005; Román‐Cuesta et al., 2011).

Advancing capacity to predict plant responses to drought requires 
intensive monitoring of plant physiological processes. In particular, 
relationships between stomatal regulation, hydraulic conductivity, 
and water potential have been used to categorize species along the 
anisohydry–isohydry spectrum, providing a framework for reveal-
ing mechanisms of drought resistance and identifying the under-
lying carbon–water linkages (Klein, 2014). Isohydric plants have 
tight stomatal control, avoid losses in hydraulic conductivity, and 
maintain constant midday water potential (Ψl) during drought at 
the cost of reduced carbon uptake for photosynthesis. Anisohydric 
species tend to keep their stomata open during drought, resulting 
in greater losses in hydraulic conductivity and more negative Ψl, 
but greater photosynthesis (McDowell et  al., 2008). More recent 
frameworks (Skelton et al., 2015) have considered both hydraulic 
conductivity and stomatal control by comparing the point where 
hydraulic conductivity is 50% of maximum (P50; the pressure where 
50% hydraulic conductivity is lost) with the point where stomatal 
closure occurs (Pg12, the pressure where stomatal conductance is 
12% of maximum). Further, these parameters can be coupled with 
minimum water potentials experienced (Pmin) to consider where a 
species operates relative to losses of hydraulic conductivity or re-
ductions in stomatal conductance (Skelton et  al., 2015). A recent 
study challenged this framework (Hochberg et al., 2018), highlight-
ing that its utility is dependent on the definition used and the con-
text of application. Despite this concern, the isohydy–anisohydry 
framework (specifically Skelton et al., 2015) is used as an additional 
testable framework for understanding plant water regulation (Fu 
and Meinzer, 2019).

Despite many insightful studies that identify hydraulic thresh-
olds from which species are unable to recover, we are still far 
from a unified understanding of when drought results in non‐ 
repairable embolism ultimately leading to mortality (Meinzer 
and McCulloh, 2013; Skelton et  al., 2017; Choat et  al., 2018a). 
These “points of no return” have been proposed to be P50 (the 
pressure where 50% hydraulic conductivity is lost) in conifers and 
up to P88 (when 88% loss of hydraulic conductivity has occurred) 
in some angiosperms (Brodribb and Cochard, 2009; Urli et  al., 
2013). Where this point lies for any species will depend on its 
ability to recover hydraulic conductivity following drought. Klein 

et al. (2018) proposed a trade‐off framework where species that 
conserve water during drought (isohydry) should have reduced 
ability to recover. While the “point of no return” and the ability 
to recover hydraulic conductivity have been useful benchmarks, 
it is unclear how applicable these values are across species and 
ecosystems. Ecosystem‐specific data will continue to be vital for 
model parameterization and validation when predicting species 
responses to future climate conditions (Sperry, 2000; Engelbrecht 
et al., 2007; Blackman et al., 2009).

Our objective was to determine the trade‐off between losses 
in hydraulic conductivity and the capacity to take up carbon in 
response to moderate and extreme drought events for saplings 
of five TMCF tree species. Specifically, we explored how species 
responded to drought and recovery following drying to their 
 species‐specific branch P50 or P88. Plants of each species were 
then dried to these water potentials before being rewatered to 
assess their mortality risk and recovery potential. In addition to 
quantifying hydraulic vulnerability curves for each species, we 
measured leaf gas exchange, water potentials, specific leaf area 
(SLA), and stomatal density (SD) throughout the experiment. 
We framed the study within the isohydric–anisohydric context 
to consider the utility of using this framework for predicting 
thresholds of mortality and recovery. We expected that species 
with strong anisohydric behavior (quantified with the method 
of Skelton et  al., 2015) would reach P50 and P88 values more 
quickly than more isohydric species, resulting in greater mortal-
ity (McDowell et al., 2008). Across groups, we predicted that the 
extreme drought treatment would result in reduced recovery and 
greater mortality compared to the moderate drought treatment.

MATERIALS AND METHODS

Plant material

We selected five native tree species [Carpinus tropicalis (Donn.
Sm.) Lundell, Clethra macrophylla M.Martens & Galeotti, 
Liquidambar styraciflua L., Quercus sartorii Liebm., and 
Turpinia insignis (Kunth) Tul.] dominant in the TMCF of Mexico 
(Williams‐Linera et al., 2013). These species represent a range of 
physiological and morphological traits based on their distribu-
tional ranges (temperate and tropical origin) and growth habits 
within the region (wet and dry sites). All species were broad-
leaf with different leaf habits: T. insignis is evergreen, Q. sarto-
rii and C. macrophylla are semideciduous, and C. tropicalis and 
L. styraciflua are deciduous. Saplings were obtained from seeds 
collected from nearby TMCF, and seedlings were kept in a shade-
house of the Instituto de Ecología, Xalapa, Mexico (19°30′44′′N, 
96°56′36′′W, 1347 m a.s.l.). After a year, saplings (0.71 ± 0.29 m 
tall; 0.71 ± 0.02 cm basal diameter) were transplanted into pots 
(16 cm diameter × 30 cm depth) filled with forest soil and placed 
randomly within a screened greenhouse. Saplings were watered 
to field capacity after transplanting and allowed to acclimatize for 
3 months. On average, the greenhouse temperature was 20°C (14° 
and 28°C, mean minimum and maximum temperatures, respec-
tively), relative humidity was 70–80%. Average midday light lev-
els reached 1339 μmol m−2 s−1 photosynthetic photon flux density 
(PPFD) in high sun periods but more routinely were below 800 
μmol m−2 s−1 PPFD. These conditions are indicative of understory 
light environments in this region.
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Experimental design

The experiment was designed to assess plant responses to drought 
and their subsequent recovery using hydraulic thresholds for each 
species. In June 2016, five saplings per species were assigned to 
one of three groups: (1) regular watering (control), (2) water was 
withheld until saplings reached the species‐specific P50 (henceforth 
“moderate drought”), and (3) water was withheld until the species‐
specific P88 (henceforth “extreme drought”). The P50 and P88 values 
(Table 1) were determined by using hydraulic vulnerability curves 
constructed for each species (see below). Leaf gas exchange and 
branch water potentials were measured throughout the drought 
and recovery periods. When the branch water potential on each in-
dividual plant reached the species‐specific P50 or P88 value, the plant 
was rewatered to field capacity in the late afternoon. To quantify 
recovery from drought, gas exchange for each sapling was measured 
2 weeks after rewatering, and the percentage difference from the 
maximum value was calculated.

Gas exchange, water potentials, and functional traits

To quantify the exchange of carbon and water throughout the 
experiment, we measured branch water potentials and leaf gas 
exchange between 10:00 and 13:00 hours during the pretreat-
ment and drought periods. Every 3–4 days, leaf gas exchange was 
measured with a Li‐Cor 6400 XT portable photosynthesis system 
(Li‐Cor, Lincoln, NE, USA). Variables of interest from these mea-
surements included the maximum CO2 assimilation rate (Amax, 
μmol CO2 m−2 s−1), transpiration rate (Emax, mmol H2O m−2 s−1) 
and stomatal conductance (gsmax, mol H2O m−2 s−1). The standard 
chamber (2 × 3 cm) with the fixed LED red and blue light source 
was used, and each parameter was set to fixed values: photosyn-
thetically active radiation value of 1200 μmol m−2 s −1, a refer-
ence CO2 of 400 μL L−1, a block temperature of 20°C, a relative 
humidity of 70% (vapor pressure deficit [VPD] = 0.7 kPa) and 
a pump flow rate of 500 μmol s−1. These values were chosen to 
represent light and temperature for understory environments in 
these forests.

Branch water potentials (Ψ) were quantified every 1–3 d using a 
Scholander‐type pressure chamber (Model 1000, PMS Instrument, 
Albany, OR, USA). Five individuals from each species and treat-
ment were randomly selected to measure Ψ on a single leaf for each 
sample plant. Leaves and terminal branches on each plant were 
bagged in the early morning with aluminum foil and plastic bags 
that were then sealed to allow for equilibration between leaf and 
branch Ψ (Turner and Long, 1980). Each leaf was subsequently 
weighed and then scanned to estimate leaf area (Winfolia Program 
LA 2400; Regent Instruments, Quebec City, Quebec, Canada) and 

dried at 65°C for 48 h and weighed to obtain dry mass. Specific leaf 
area was calculated as leaf area divided by dry mass. To determine 
stomatal densities, impressions at three abaxial locations of the leaf 
were produced with dental putty (Whaledent President light body; 
Coltene, Altstätten, Switzerland), placed on a slide, and stomata 
counted on an upright light microscope.

Hydraulic vulnerability curves

To generate branch vulnerability curves, we used a combination of 
air injection (Sperry and Saliendra, 1994) and bench dehydration 
techniques on six additional saplings from each species from the 
same treatment group. Air injection curves were constructed on 
the primary stem of the saplings (hereafter “branch”) and supple-
mented with measurements utilizing bench dehydration of addi-
tional branches (5–10 per species). This combination of methods 
has shown that reliable measurements can be obtained when using 
a small pressure sleeve and that there are no open vessels in the seg-
ment (Domec et al., 2006; Choat et al., 2010; Ennajeh et al., 2011). 
Because points from the two methods were similar for all species, 
vulnerability curves were fit through the combined data set from 
the two methods. For the air injection method, six branches at least 
40 cm long and approximately 10 mm in diameter were cut at the 
base of the sapling underwater. For avoiding artefacts due to cutting, 
multiple subsequent cuts were then made on both ends underwater, 
and the lateral branches were trimmed (Torres‐Ruiz et al., 2015). 
All branches were tested for open vessels by applying pressurized air 
to one end and placing the other end under water to see whether air 
immediately passed through the segment (Ewers and Fisher, 1989). 
Only branch segments with no open vessels were used. Segments 
were flushed overnight by submerging them in filtered, degassed, 
distilled water at pH = 2 (to inhibit microbial growth) in a vacuum 
chamber. The following morning segments were recut underwater, 
and hydraulic conductivity was measured using a hydrostatic pres-
sure head to induce flow. Additional tubing was attached to the dis-
tal end of the segment, and flow rate was calculated through either 
a change in mass on a balance or through gradations on a pipette. 
Xylem area‐specific hydraulic conductivity (ks) was calculated con-
sidering the volumetric flow rate, the hydrostatic pressure gradient, 
and the cross‐sectional xylem area for each segment.

After the initial ks measurements, each branch was pressurized 
using the pressure sleeve connected to a Scholander‐type pressure 
chamber. Samples were pressurized for 5 min at 1.0 MPa, recut un-
derwater, and a new ks value taken. This protocol was repeated at 
1 MPa increments until calculated loss of conductivity was greater 
than 90%. For bench dehydration tests, samples were harvested in 
the same manner, allowed to dehydrate on the benchtop for varying 

TABLE 1. Summary of physiological and morphological variables measured in this study. The P50 and P88 values were derived from vulnerability curves. Pg12 was 
derived from curve fits through the data sets in Fig. 2, and ΨTLP was derived from pressure–volume curves. Maximum photosynthesis (Amax) and conductance (gmax) are 
the maximum values measured throughout the entire experiment. Specific leaf area (SLA) and stomatal density were measured on leaves following quantification of 
routine water potentials.

Species
P50  

(MPa)
P88  

(MPa)
ΨTLP  

(MPa)
Amax  

(μmol m−2 s−1)
gmax  

(mol m−2 s−1)
SLA  

(cm2 g−1)
Stomatal density 

(no. mm−2)

Carpinus tropicalis −5.12 −6.52 −2.75 ± 0.23 8.88 ± 0.79 0.54 ± 0.07 184.82 ± 8.7 413.92 ± 17.3
Clethra macrophylla −3.31 −5.04 −1.95 ± 0.20 14.00 ± 0.18 0.29 ± 0.04 121.95 ± 6.4 459.84 ± 17.2
Liquidambar styraciflua −4.09 −5.78 −2.78 ± 0.23 14.27 ± 0.96 0.29 ± 0.04 155.56 ± 11.9 262.00 ± 11.7
Turpinia insignis −3.67 −5.94 −2.46 ± 0.32 8.36 ± 0.53 0.21 ± 0.009 115.75 ± 8.4 232.14 ± 9.5 
Quercus sartorii −3.92 −7.56 −2.47 ± 0.07 17.16 ± 2.07 0.22 ± 0.02 136.11 ± 7.5 402.76 ± 9.4
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periods of time and then bagged and put in the dark for at least 3 h. 
Following this, water potential was quantified on three leaves from 
the sample and ks measured using the hydrostatic pressure head. 
Samples were then flushed with positive pressure at 0.1 MPa for at 
least 30 min and then maximum ks measured on the same sample. 
The percentage loss in hydraulic conductivity was calculated from 
the maximum value for that sample as:

where PLC is the percentage loss of conductivity of the sample, ks is 
the hydraulic conductivity of the sample, and ksmax is the maximum 
measured conductivity of that sample.

Pressure–volume curves

Leaf pressure–volume curves were generated for six mature and 
fully developed leaves per species from the plants in the greenhouse 
experiment (Tyree and Hammel, 1972). Leaves were excised early 
in the morning at near‐zero water potentials, and pressure–volume 
curves were generated immediately to avoid “rehydration” artefacts 
(Meinzer et al., 2014) by regularly measuring the leaf water poten-
tial using a Scholander pressure chamber and immediately measur-
ing the mass using a standard, high precision balance. Depending 
on the species and point along the dehydration process, intervals 
between measurements ranged from 5 to 30 min. Curves were 
plotted as the inverse of Ψl against relative water content, and the 

process continued until well past the inflection point on this curve, 
typically 3.0 to 4.0 MPa. Each leaf was scanned to calculate area 
as the silhouette area using ImageJ (v. 1.51f, National Institutes of 
Health, Bethesda, MD, USA). Leaves were dried in an oven at ca. 
7°C for 2–7 days and then weighed. Standard pressure–volume 
curve parameters (e.g., ΨTLP) were extracted from these curves for 
subsequent analyses.

Data analyses

To classify species on the isohydry spectrum, we compared P50 
values to ΨTLP to consider when stomatal closure occurred relative 
to losses in conductivity (Rodriguez‐Dominguez et al., 2016). We 
initially considered fitting curves through the relationship between 
stomatal conductance and water potential but found that these cur-
vilinear relationships produced unrealistic values of stomatal clo-
sure (Appendix S1). However, when we superimposed ΨTLP values 
onto those values, we found these to be more realistic of when sto-
mata closed and thus used this variable to consider stomatal closure.

We also calculated the time to reach P50 and P88 as a proxy for 
how long each species was able to persist under drought conditions. 
These values should be considered context‐dependent and not in-
dicative of the rates expected of water loss in the field. Because this 
study used plants of equal size and age and grown in the same green-
house, the comparisons made here are useful for understanding how 
well the physiological parameters predict rates of water loss.

PLC=100(1−ks∕ksmax),

FIGURE 1. Xylem vulnerability curves constructed for five species from the tropical montane cloud forest in Veracruz, Mexico. Black circles represent 
the means ± SE for six individuals at each water potential. Vertical dashed lines represent calculated P50 values; vertical solid lines represent calculated 
P88 values.

(1)
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Vulnerability curves were fit with a Weibull function, which al-
lowed determination of the P50 and P88 values for each treatment 
group. Differences between treatment groups and species were as-
sessed using a one‐way ANOVA for each species, with each trait 
as the response variable. When variables did not conform to the 
assumptions of normality, Box–Cox and natural log transforma-
tions were applied. Analyses were conducted using R version 3.4.2 
(R Core Team, 2017). Relationships between drought recovery 
responses and physiological variables were assessed with a regres-
sion analysis and Pearson and Spearman correlations using JMP 
(v10.0.0, SAS Institute, Cary, NC, USA) and SigmaPlot (v12.5, 
Systat Software, Chicago, IL, USA).

RESULTS

Vulnerability to embolism and species resistance to drought

There were significant differences in the P50 values derived from 
branch vulnerability curves across the five species (Fig. 1, Table 1). 
Clethra macrophylla was the most vulnerable species to embolism 
(P50 = −3.31 MPa) and C. tropicalis was the most resistant (P50 = 
−5.12 MPa), followed by L. styraciflua (P50 = −4.09 MPa), Q. sartorii 
(P50 = −3.92 MPa), and T. insignis (P50 = −3.67 MPa). Vulnerability 
curves had noticeable differences in slope, that resulted in varying 
differences between P50 and P88 values, ranging from 1.4 MPa for 
C. tropicalis to 3.6 MPa for Q. sartorii. The P88 values ranged from 
−5.04 MPa for L. styraciflua to −7.56 MPa for Q. sartorii (Table 1). 
These P50 and P88 values were used as the target water potentials for 
the moderate and extreme drought treatments, respectively.

All species were considered isohydric because ΨTLP values were 
greater than P50 values, indicating stomata closed well before losses 
in hydraulic conductivity (Table 1, Fig. 2A). Four of the five species 
had differences ranging from 1.21 MPa to 1.45 MPa. One species,  
C. tropicalis, was considered more isohydric with a difference of 
2.37 MPa between these two variables. Overall, there was a tight 
coordination between the branch P50 and water balance variables 
(Fig. 2). There was a logistic relationship between the ΨTLP and P50 
(Fig.  2A; F1, 3 = 13.94, p = 0.05, r2 = 0.87). There were also posi-
tive linear relationships between the P50 and the isohydric param-
eter (ΨTLP − P50; Fig. 2B; F1, 3 = 12.02, p = 0.04, r2 = 0.80) and SLA 
(Fig. 2C; F1, 3 = 25.08, p = 0.02, r2 = 0.89). There were no significant 
relationships between the P50 and the gas‐exchange traits of maxi-
mum photosynthesis and maximum stomatal conductance.

Drought resistance and recovery

The rate of dehydration (expressed as the change in water poten-
tial per day) and the number of days to reach the P50 or P88 value 
were used to consider the species responses to drought. Carpinus 
tropicalis and T. insignis had the fastest rates of dehydration, an av-
erage decrease of 0.39 and 0.37 MPa day−1 in midday water poten-
tials from the extreme drought treatment, respectively (Fig. 3). All 
cloud forest species reached their P50 values in less than 33 days, 
ranging from 13 days for T. insignis to 33 days for Q. sartorii. All 
species reached P88 between 2–7 days after reaching P50. During the 
drought, all individuals shed leaves despite the range in leaf habits 
from evergreen to deciduous of the species. Thus, while not quan-
tified, the whole plant leaf area was reduced during the drought pe-
riod relative to the control plants.

To consider recovery rates, we measured maximum photo-
synthesis and stomatal conductance 2 weeks after the rewatering 
points and compared these values to those for the control plants 
(Fig. 4). All species had recovery values that reached at least 39% 

FIGURE 2. Relationships between the pressure at a 50% loss in hydrau-
lic conductivity (P50) and (A) the water potential at turgor loss (ΨTLP), (B) 
the difference in the ΨTLP and the P50, and (C) the average specific leaf area 
(SLA) of each species. Dashed lines represent the best fit through each 
data set (A: p = 0.05, r2 = 0.87; B: p = 0.04, r2 = 0.80; C: p = 0.02, r2 = 0.89).
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FIGURE 3. Midday branch water potentials measured throughout the experiment for each species (A–E). Circles: control group, triangles: moderate 
drought treatment, squares: extreme drought treatment. All figures were put on equal axes to note differences in dry‐down rates across species. 
Dashed lines represent the branch P50 value for each species.
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of maximum values of photosynthesis across both treatments, and 
many individuals had values that were 100% or greater than the 
pre‐drought values. It should also be noted that when species were 
rewatered after the drought periods, all but two plants survived, as 
evidenced by new growth; one individual each of L. styraciflua and 
C. macrophylla from the extreme drought group.

To explore the role of physiological variables on drought and re-
covery, we assessed the linkages between physiology and the time 
to P50 or P88 (drought dynamics) and the ability to recover stomatal 
conductance and photosynthetic rates (recovery). In general, we 
found that the parameters that were predictive of drought dynamics 
were not predictive of recovery (Fig. 5). The only variable that reli-
ably predicted the time to the critical hydraulic thresholds, interest-
ingly, was the maximum photosynthetic rate of the species (Fig. 5A, 
moderate drought, F1, 3 = 13.41, p = 0.004, r2 = 0.82; extreme 
drought, F1, 3 = 61.4, p = 0.004, r2 = 0.95). There were no significant 
relationships between the time to hydraulic thresholds and the P50, 
the isohydry variable (Fig. 5B, moderate drought, F1, 3 = 0.00, p = 
0.98; extreme drought, F1, 3 = 0.6, p = 0.49), or the turgor loss point 
(Fig. 5C, moderate drought, F1, 3 = 0.11, p = 0.77; extreme drought, 
F1, 3 = 0.10, p = 0.77). The physiological variables were more tightly 
linked to the ability of species to recover stomatal conductance and 

photosynthesis. Photosynthetic recovery had a significant positive 
relationship with stomatal density (Fig. 5D; moderate drought, F1, 3 =  
15.17, p = 0.03, r2 = 0.83; extreme drought, F1, 3 = 15.55, p = 0.002, 
r2 = 0.84). The recovery of stomatal conductance was tightly linked 
to both the branch P50 (Fig.  5E, moderate drought, F1, 3 = 12.27,  
p = 0.04, r2 = 0.80; extreme drought, F1, 3 = 1.24, p = 0.35) and the 
isohydry variable (Fig. 5F, moderate drought, F1, 3 = 15.78, p = 0.03, 
r2 = 0.84; extreme drought, F1, 3 = 3.99, p = 0.14). These recovery 
rates were only significant for the moderate drought group. Finally, 
we also considered whether plant size, relative growth rate during 
the experiment, or specific leaf area affected the time to P50 or P88. 
We found no relationship between any of these variables, suggesting 
that the dry down times were not driven by size or leaf area during 
the experiment (Appendix S2).

DISCUSSION

In this study, we explored the linkages between hydraulic traits and 
the ability to resist or recover from drought events in species from a 
TMCF. All species demonstrated relatively isohydric behavior, clos-
ing stomata well before significant losses in hydraulic conductivity 
and demonstrating high resistance to drought. Further, we demon-
strated tight coordination between the P50 values and other hydrau-
lic variables, reinforcing the idea that plant water balance is linked 
across leaves and stems. Despite these findings, many of these vari-
ables were poorly correlated with the duration required to reach 
critical hydraulic thresholds, thus placing doubt on their value for 
predicting broad‐scale responses to drought. Finally, after species 
were exposed to extreme levels of drought (P50 and P88 values), all 
species were able to recover as evidenced by new growth and the 
recovery of photosynthesis and stomatal conductance. Interestingly, 
the ability to recover was well explained by an isohydric strategy 
during drought and by the lower P50 values.

Drought resistance in TMCF species

The five TMCF species in this study had a wide range of P50 values 
(−3.31 to −5.12 MPa), suggesting relatively high variability in xylem 
structure within the ecosystem. Despite the large range in P50 val-
ues, all species seemed to close stomata when branch water potential 
reached around −1.2 MPa (range −1.21 to −2.37 MPa, quantified by 
TLP values), well before significant losses in hydraulic conductivity 
(P50 values). These data support previous evidence that stomatal clo-
sure largely buffers losses in hydraulic conductivity that may lead to 
mortality (Choat et al., 2012; Martin‐StPaul et al., 2017). However, 
it was surprising that this response was driven mostly by negative 
P50 values more common to plants growing in drier environments. 
For example, data from Choat et al. (2012) showed an average P50 of 
−2.43 ± 0.14 MPa for tropical seasonal forests and −3.75 ± 0.18 MPa 
for temperate seasonal forests. Thus, while the annual rainfall can be 
high in the TMCF study region (1500 to 3200 mm year−1; Holwerda 
et al., 2010), the seasonality of rainfall (80% falling during the wet 
season) and temperature result in moisture limitation shifting the 
hydraulic structure for these species. During the dry period of the 
year, rainfall is uncommon but extended rainless periods of a month 
or more are nevertheless rare, suggesting that during average rainfall 
years, species minimally lose hydraulic conductivity.

Despite this coordinated shift in hydraulic structure and stoma-
tal conductance (Fig.  2), neither the branch P50 nor the isohydry 

FIGURE 4. The percentage of maximum midday photosynthesis (A; 
panel A) and stomatal conductance (gs; panel B) between maximum val-
ues reported in Table 1 and gas‐exchange values measured 2 weeks after 
rewatering. This difference was standardized as a percentage change rel-
ative to the maximum rate. Each bar represents the mean ± SE for five 
plants per species per treatment.
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FIGURE 5. Relationships between the rate for each species to reach the P50 or P88 and variables suggested as predictive of drought responses (left 
panels A–C). The right panels (D–F) explore relationships between the recovery of photosynthesis and stomatal conductance against these physio-
logical variables. Significant relationships are shown with a best‐fit line; no line means there was no relationship between those two variables. Each 
species is represented by a different shape: C. tropicalis (circle), L. styraciflua (down‐pointing triangle), Q. sartorii (square), T. insignis (diamond), and  
C. macrophylla (up‐pointing triangle). Statistics for each relationship are given in the Results section.
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parameter singularly explained how long it took species to reach 
critical thresholds of hydraulic failure (Fig.  5B, C). This result is 
particularly concerning in a practical sense because these param-
eters have been implicated as major predictors of how ecosystems 
will respond to drought (Brodribb and Cochard, 2009; Urli et al., 
2013; Choat et al., 2018a). While hydraulic failure is critical for un-
derstanding the probability of plant mortality, our findings suggest 
that, by themselves, these variables do not predict when mortality 
will occur. Instead, the maximum photosynthetic rate was a stron-
ger predictor of the amount of time required for species to reach 
critical thresholds. A possible explanation for this relationship 
could be that species with high photosynthetic rates open stomata 
for shorter periods, leading to reduced water loss over daily time 
intervals. Ultimately, the mechanism for a positive relationship be-
tween photosynthesis and time to reach species thresholds is in-
triguing, yet, unknown. Together, these findings reinforce the idea 
that carbon dynamics and hydraulic losses interact in complex ways 
to influence when critical thresholds are reached (McDowell, 2011).

Recovery from drought

We want to stress that, despite exposure to a drought of sufficient 
severity to cause plants to reach their P50 or P88 values, all droughted 
individuals survived except for two (of 60 total in drought treat-
ments). This result was surprising, considering that these P50 and 
P88 threshold values have been widely documented to kill many 
other species (Brodribb and Cochard, 2009; Urli et al., 2013). Our 
results seem to contradict the prevailing understanding of a trade‐
off between water‐use during drought (isohydry vs. anisohydry) 
and the ability to recover hydraulic conductivity (Klein et al., 2018). 
The species studied largely had isohydric strategies, evidenced by 
tight stomatal regulation and avoidance of losses in hydraulic con-
ductivity, yet all demonstrated recovery strategies. In addition to 
surviving the drought, these plants demonstrated steady recovery 
in their photosynthesis and stomatal conductance values 2 weeks 
after rewatering (Fig. 4). Although the photosynthesis of individual 
leaves recovered, whole‐plant carbon assimilation was reduced due 
to partial leaf shedding during drought. Thus, the amount of time to 
recover leaf area and growth rates is likely much longer. We found 
that stomatal density, branch P50 values, and the degree of isohy-
dricity explained the ability to recover photosynthesis and stomatal 
conductance (Fig. 5D–F) demonstrating clear linkages between wa-
ter and carbon trade‐offs and recovery from drought.

Regaining stomatal functioning and activating photosyn-
thetic pathways are likely important for recovery from drought, 
yet the mechanisms enabling plants to recover these functions 
after high losses in hydraulic conductivity remain elusive. Skelton 
et al. (2017) found that gas‐exchange recovery is relatively quick 
unless there are losses in leaf hydraulic conductance, while our 
study found similar results despite losses in hydraulic conduc-
tivity. Some studies suggest that some species can repair embo-
lisms (e.g., Martorell et al., 2014) but others cannot (Choat et al., 
2018b). Moreover, increasing evidence points to the ability of 
plants to avoid losses in hydraulic failure through resistant vas-
culature or stem water storage (i.e., capacitance) and that these 
strategies play a critical role in surviving drought and in the 
ability to repair embolism after these extreme events (Blackman 
et al., 2009; Bartlett et al., 2012; Trifilo et al., 2014). Elucidating 
recovery mechanisms will be critical for predicting the fates of 
species and ecosystems to drought.

CONCLUSIONS AND IMPLICATIONS

This is the first study that describes coordinated linkages between 
drought resilience and hydraulic maintenance strategies of species 
in TMCF. We found coordination of hydraulic conductivity and 
stomatal conductance, consistent with other studies. However, 
these traits do not necessarily confer an ability to predict time 
to critical thresholds of drought. Despite largely isohydric strat-
egies, all individuals demonstrated an ability to successfully 
recover following extreme drought based on growth and gas‐ex-
change measurements. The TMCF species examined in this study 
are likely to experience noticeable drought cycles in the near fu-
ture, as have already been documented for TMCF ecosystems in 
Uganda, Malaysia, Indonesian Borneo, and Mexico (Woods, 1989; 
Nakagawa et al., 2000; Aiba and Kitayama, 2002; Asbjornsen et al., 
2005; van Nieuwstadt and Sheil, 2005). Understanding the phys-
iological strategies and thresholds that determine species’ per-
sistence and recovery after extreme drought events is of utmost 
importance for prioritizing conservation needs in future climates.
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APPENDIX S1. Stomatal conductance plotted against midday wa-
ter potential.
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APPENDIX S2. Relationship between the duration to reach P50 or 
P88 across species and (a) plant basal diameter, (b) plant height, (c) 
relative growth rate, and (d) specific leaf area.
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