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Abstract

Increasing severity and frequency of drought is predicted for large portions of the terrestrial 

biosphere, with major impacts already documented in wet tropical forests. Using a four-year rainfall 

exclusion experiment in the Daintree Rainforest in northeast Australia, we examined canopy tree 

responses to reduced precipitation and soil water availability by quantifying seasonal changes in plant 

hydraulic and carbon traits for 11 tree species between control and drought treatments. Even with 

reduced soil volumetric water content in the upper 1m of soil in the drought treatment, we found no 

significant difference between treatments for predawn and midday leaf water potential, 

photosynthesis, stomatal conductance, foliar stable carbon isotope composition, leaf mass per area, 

turgor loss point, xylem vessel anatomy, or leaf and stem non-structural carbohydrates. While 

empirical measurements of above-ground traits revealed homeostatic maintenance of plant water 

status and traits in response to reduced soil moisture, modeled below-ground dynamics revealed that 

trees in the drought treatment shifted the depth from which water was acquired to deeper soil layers. 

These findings reveal that below-ground acclimation of tree water uptake depth may buffer tropical 

rainforests from more severe droughts that may arise in the future with climate change. 

Keywords

Plant hydraulics, non-structural carbohydrates, water potentials, drought, wet tropical forest, turgor 

loss point, gas exchange, rainfall exclusion, rooting depth, process model
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Introduction

Drought can push ecosystems beyond thresholds of vulnerability (Crausbay et al., 2017), and is 

expected to become more frequent, intense, widespread, and last longer under future conditions due to 

Earth’s warming atmosphere (Trenberth et al., 2014). This has global implications because drought is 

a major driver of forest mortality worldwide (McDowell et al., 2020). Forest mortality has negative 

consequences for biogeochemical cycles and biodiversity. In moist tropical forests, tree mortality 

rates have generally increased in recent decades due to climate change, as observed in the Amazon 

Basin (Brienen et al., 2015; Hubau et al., 2020), Southeast Asia (Phillips et al., 2010), and the Congo 

(Zhou et al., 2014, but see Hubau et al., 2020). However, geographic differences in drought-induced 

forest mortality rates contribute to the difficulty in explaining the mechanisms underlying tree 

mortality and predicting future responses.

Loss of hydraulic function, depletion of non-structural carbon stores, and biotic disturbance all 

contribute to tree mortality, often in combination (McDowell et al., 2011). Hydraulic failure is 

associated with the vascular system of plants becoming increasingly air-filled due to cavitation, as the 

water status of the plant exceeds critical thresholds of hydraulic safety (Choat et al., 2018). High 

levels of embolism prevent water movement from the roots through the shoots and to the leaves, 

ultimately leading to desiccation. As part of the drought response sequence, plants close their stomata 

to maintain their water status and delay the onset of cavitation. As a result, plants shift their carbon 

metabolism as the photosynthetic uptake of carbon is reduced, and plants may begin to deplete non-

structural stores of carbon. The continued metabolic demand for carbohydrates, along with the 

interaction of desiccation, can push plants to an unrecoverable point, ultimately resulting in death 

(Hammond et al., 2019). While we have a good knowledge of these above-ground processes and their 

role in tree mortality, we have limited knowledge of below-ground processes, particularly in the 

tropics.

Predicting drought impacts on tree function is especially difficult in moist tropical forests due 

to limited field data and the poor representation of processes controlling biogeochemical processes in 

the tropics in Earth system models (Patrick Meir et al., 2015; Patrick Meir & Woodward, 2010). This 

is of particular concern because of the ecological value of moist tropical forests and their role in 

global processes, such as carbon and water cycles. Experimental drought manipulation studies can be A
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a valuable tool in understanding the effects of drought and mechanisms of drought mortality in moist 

tropical forests (da Costa et al., 2010; P. Meir et al., 2009). However, implementing large-scale 

rainfall exclusion experiments is difficult, and therefore, these types of studies in tropical forests are 

limited. Two throughfall exclusion experiments include Caxiuanã and Tapajós National Forest 

Reserves, which are both in the Amazon rain forest of Brazil. Examining additional forests, especially 

ones with narrow hydraulic safety margins (Peters et al., 2021), is necessary to further understand 

tropical tree responses to drought and long-term risk or resilience of moist tropical forests.

Process-based models are an essential tool for understanding and predicting ecological 

processes and responses to environmental conditions (Cuddington et al., 2013). For example, they can 

provide mechanistic insight into drought responses and mortality variability among species (Johnson 

et al., 2018). The “Sperry” model” (Sperry et al., 2016, 2017; Sperry & Love, 2015; Venturas et al., 

2018) is a robustly tested model that can be highly constrained by field observations, thus enabling 

the generation of highly accurate results. As above-ground traits tend to be measured more frequently 

than below-ground traits, these models can be highly constrained to also investigate below-ground 

dynamics (Love et al., 2019), including rooting depth. Rooting depth and the depth from which water 

is acquired are critical for plant responses to drought (Johnson et al., 2018; Poyatos et al., 2018). Tree 

below-ground dynamics can shift seasonally with rainfall (Barbeta et al., 2015; Klein et al., 2014; 

Snyder & Williams, 2003; Voltas et al., 2015), with water access helping to mitigate the effects of 

heat waves and drought (David et al., 2007; Eggemeyer et al., 2009; Rossatto et al., 2012). Below-

ground dynamics are important for plant water acquisition and response to drought and can play an 

important role in explaining why some trees succumb to drought while others survive, and models can 

be used to fill in this key gap.

Our objective was to test the impacts of drought on changes in plant hydraulic and carbon 

traits in the context of tree mortality in a moist tropical forest. Utilizing a four-year rainfall exclusion 

experiment at the Daintree Rainforest Observatory in Australia, we empirically measured above-

ground plant hydraulic traits including predawn and midday leaf water potential, turgor loss point, 

stomatal conductance and water use efficiency, in canopy trees in the control and drought treatment. 

As soil volumetric water content is reduced in the drought treatment, especially in the upper soil 

layers (Figure 1) (Tng et al., 2018), we hypothesized that:A
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1) Droughted trees would have more negative water potentials than non-droughted trees.

2) Foliar turgor loss point would shift to be more negative in the drought treatment.

3) Water constraints (determined from soil volumetric water content and leaf water potential) 

would reduce photosynthesis and stomatal conductance in droughted trees compared to 

non-droughted trees.

4) Trees in the drought treatment would shift hydraulic anatomy, having both smaller and 

fewer vessels.

5) Carbohydrates would be lower in droughted trees than non-droughted trees.

We then used these field-collected data to parameterize a process-based photosynthetic gain and 

hydraulic cost optimization model (Sperry et al., 2017; Venturas et al., 2018) to investigate below-

ground dynamics, including the effective depth of water uptake in the control and drought trees. We 

hypothesized that:

6) Drought trees would shift their effective water uptake depth to deeper layers than non-

droughted trees.

Materials & Methods

Study site

The study was conducted in a lowland tropical rainforest at the Daintree Rainforest Observatory 

(DRO; 16°06′20′′S 145°26′40′′E, 50 m a.s.l.) adjacent to the Daintree National Park in north-eastern 

Australia. The Daintree Rainforest in Australia is the oldest continually surviving tropical rainforest in 

the world and is listed as a UNESCO World Heritage site. The mean temperature is 24.4°C, and the 

average annual rainfall is 5143mm/year (TERN, 2020). There is a distinct wet season with the 

majority of rainfall occurring from December to April (Figure 1).

At the DRO, there is a 1-ha long-term forest monitoring plot with a 47m tall crane with a 55m 

arm that allows access to the forest canopy. Within this plot, an in-situ drought experiment was 

established in May 2015, consisting of two rainfall exclusion structures each covering 2000m2 

rectangular patches of the monitoring plot. The rainfall exclusion structures are made of clear-panel 

roofing that is sloped, directing intercepted rain into aluminum troughs that carry the intercepted 

rainwater away from the plot. Leaf litter that falls on the roof of the structures or in the troughs is A
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transferred back to the soil surface. The area of the 1 ha forest census plot at the base of the crane 

(Laidlaw et al., 2007) not covered by the rainfall exclusion structures is considered the control 

treatment.

Soil volumetric water content (SVWC) was measured with soil moisture sensors installed in 

soil pits. Four pits are in the control treatment and four pits are in the drought treatment, for a total of 

eight pits. Within each pit, time domain reflectometry probes (CS616, Campbell Scientific, UK) are 

installed at four soil depths, 10, 50, 100, and 150 cm, to log soil moisture continuously (Figure 1).

Eleven canopy-dominant tree species were selected that had maximum light exposure. Tree 

size was controlled for as much as possible for species between drought and control individuals. We 

sampled one individual in the control plot and one individual in the drought plot (n = 22) for each 

species. The study species were: (1) Castanospermum australe, (2) Cleistanthus myrianthus, (3) 

Cryptocarya mackinnoniana, (4) Dysoxylum papuanum, (5) Elaeocarpus angustifolius (Elaeocarpus 

grandis), (6) Endiandra microneura, (7) Mallotus paniculatus, (8) Myristica globosa, (9) 

Rockinghamia angustifolia, (10) Synima cordierorum, (11) Syzygium spp. This level of replication 

among species rather than within species was aimed at capturing the community response rather than 

individual species responses and was also necessary because we were limited in access to multiple 

individuals of a species due to the footprint/access of the canopy crane.

Data were collected in November 2018, to sample the end of the dry season when soil 

volumetric water content is lowest and the difference in soil moisture between treatments is smallest, 

and again in May 2019, to sample the end of the wet season when soil volumetric water content is 

high and the difference in soil moisture between treatments is greatest, in order to examine peak 

differences between control and drought treatment after ~4 years of experimental drought exposure.

Gas exchange

We measured diurnal leaf-level gas exchange with a portable photosynthesis system (LI-6800, LI-

COR Inc., Lincoln, NE, USA) using the clear-top 3 × 3 cm leaf chamber and light source. To control 

for changing ambient conditions between measurements over time, we always measured the same 

species in one treatment immediately followed by the same species in the other treatment (versus 

measuring all species in the control and then measuring all the species in the drought treatment). A
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During the dry season, we measured a minimum of six leaves per tree per treatment. During the wet 

season, a cyclone produced high wind conditions that limited the safe use of the canopy crane, so we 

measured a minimum of one leaf per tree per treatment. Photosynthetically active radiation (PAR) 

was set to 1000 µmol m-2 s-1, reference CO2 was set to 420 µmol mol-1, temperature was kept close to 

ambient and from about 29°C to 32°C, and relative humidity was kept close to ambient (this varied 

between 40 to 80%). Large branches were cut from the tree and placed in a bucket of water, after 

which time we immediately measured gas exchange of sunlit, healthy, recently expanded mature 

leaves while the gondola concurrently moved to the next target tree. Leaves were large and fully 

covered the chamber. Measurements were recorded every 3 seconds for a 3 minute period, and we 

took the average of the entire 3 minutes. We determined photosynthesis (A;µmol m-2 s-1), stomatal 

conductance (gs; mol m-2 s-1) and intrinsic water use efficiency as photosynthesis divided by stomatal 

conductance (A/gs).

Water potentials

Leaf water potentials (Ѱ; MPa) were measured using a Scholander-type pressure chamber (PMS 

Instrument Co., Albany, OR, USA). Upon cutting a large branch for gas exchange (see above), a 

terminal leaf or small shoot was sub-sampled for water potential measurement. These samples were 

immediately sealed in a plastic bag and transported from the crane gondola to the ground. Leaf water 

potential was measured at predawn (ѰPD) and midday (ѰMD). During the dry season, we measured a 

minimum of six leaves per tree per treatment. During the wet season, a cyclone produced high wind 

conditions that limited the safe use of the canopy crane, so we measured a minimum of one leaf per 

tree per treatment. 

Pressure volume curves

In November, pressure volume curves were determined on three terminal shoots per species per 

treatment using the bench-dehydration method. Branches were sampled from the canopy, placed in 

large buckets of water, and transported to the lab. In the lab prior to measurement, leaves were cut 

from the branches and then immediately weighed for mass. Leaves were subsequently measured for 

water potential using a Scholander-type pressure chamber (Model 1505D pressure chamber, Plant A
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Moisture Stress Instruments, Albany, OR, USA), followed by a period of dehydration. This was 

repeated, with dehydration times increasing with each round, until achieving a water potential of 

about −4 MPa or until leaves were visibly wilted, depending on the species. Subsequently, samples 

were put in a paper bag and dried in an oven at 70°C for at least 48 h to determine dry mass. We 

calculated saturated water content (SWC; %), water potential at turgor loss point (ΨTLP; MPa), relative 

water content at turgor loss point (RWCTLP; %), osmotic potential (πo; MPa), modulus elasticity (ε; 

MPa), capacitance at full turgor (CFT; MPa−1), capacitance at turgor loss point (CTLP; MPa−1), and 

leaf dry matter content (LDMC; g g−1) (Vargas, 2019).

Wood anatomy

During each sampling campaign, we cut a 20 cm-long stem sample (approx. 70 cm from the apex, 

diameter between 2-3 cm) from the top of each tree's canopy to determine wood anatomical 

properties. The samples were stored in plastic vials with a 50% Ethanol solution until further 

laboratory analyses. Transversal sections of each sample (20 µm thick) were made with a Leica 

microtome and stained with Safranin-O and Astra blue (1% and 0.5% in distilled water, respectively). 

The sections were mounted on glass slides with a coverslip. Microscopic digital images were captured 

at 20x magnification with a compound microscope (BX51, Olympus, Germany) interfaced with a 

Canon camera (Canon EOS 1200D, Switzerland). Digital images were taken on a radial path from the 

pith to the bark. Image analyses were performed with the ImageJ software. The total number of 

vessels and the lumen area (µm) were measured on the last two growth rings, as these vessels are 

responsible for the majority of water transport (Bouche et al., 2014; Domec & Gartner, 2002). Vessel 

density (vessels cm-2) was calculated by dividing the number of vessels by the area measured. 

Leaf mass per area and stable isotopes

We used a cork borer with a known inner diameter to take two punches from three different leaves for 

each tree, avoiding the mid-vein when possible. These leaf punches were placed in a coin envelope 

and dried in an oven at 65°C for more than 48h. After this, the dry weight was determined using an 

analytical balance. Leaf mass per area (g cm-2) was determined as the fresh leaf area (known from the 

size the leaf punches and the number of leaf punches) divided by the dry mass.A
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To analyze the stable carbon isotope composition (δ13C) and percent carbon, we collected an 

additional two punches from three different leaves for each tree, placed them in coin envelopes, oven 

dried them at 65°C for more than 48 h. After this, samples were ground to a consistent particle size, 

weighed, and put in tin capsules before being shipped in a secured 96 position cell plate to the Stable 

Isotope Core facility at Washington State University for percent carbon and δ13C analysis with an 

Elemental Analyzer - Isotope Ratio Mass Spectrometer (EA-IRMS; Delta XP, Thermo Scientific). 

Final δ13C content values are expressed relative to international standard Vienna Pee Dee belemnite 

(V-PDB) for carbon; δ13C of plant tissues can provide a measure of integrated water use efficiency 

when carbon was assimilated, giving a time-integrated measure to complement instantaneous 

measurements. For a subset of five species (C. australe, C. myrianthus, D. papauanum, M. globosa, S. 

graveolens), we were able to sample leaves from at least three individuals per treatment to test for 

within-species differences in δ13C between treatments.

Non-structural carbohydrates

Non-structural carbohydrates (NSC) of leaf punches, twigs, and tree cores were analyzed. NSCs were 

defined as free, low molecular weight sugars (glucose, fructose, and sucrose) plus starch. Within 2 

hours of collection, all samples were microwaved at 800W for 90 sec to stop enzymatic activity, then 

placed in coin envelopes and dried in the drying oven at 65°C for 72 h. After this, samples were kept 

dry until being ground to fine powders (Landhäusser et al., 2018). We followed the detailed protocol 

described by (Hoch et al., 2002) with the ethanol extraction modification from (Landhäusser et al., 

2018), described more briefly here. After being ground to a fine powder, samples were extracted three 

times with 80% ethanol at 90°C. The supernatant obtained after centrifuge was used for soluble sugar 

quantification (i.e glucose, fructose and sucrose) via enzymatic assay. To determine sugar 

concentrations, sucrose was broken down to glucose and fructose by invertase (Sigma cat. no. I9274), 

while glucose and fructose were phosphorylated to glucose-6-phosphate by hexokinase (Sigma cat. 

no. G3293) with isomerase (Sigma cat. no. P5381-5KU). Glucose-6-phosphate concentration was 

determined photometrically in a 96-well microplate reader (ELx800UV, BioTek Instruments, 

Winooski, USA) by measuring the increase in absorbance at 340 nm as NAD+ was reduced to 

NADH, with glucose of known concentrations as standards. The ethanol-insoluble residual separated A
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after extraction was used for starch digestion after ethanol evaporation. Starch in the pellet was 

hydrolyzed to water soluble glucans using α-amylase from Bacillus licheniformis (Sigma cat. no. 

A4551). After removal of structural carbohydrates by centrifuge, the glucans contained in the 

supernatant were hydrolyzed into glucose by amyloglucosidase from Aspergillus niger (Sigma cat. no. 

ROAMYGLL). Two inter-lab standards (peach leaves NIST1547 and pinon needles) and one 

synthetic standard (Landhäusser et al., 2018) were also applied in the analyses. The glucose 

hydrolysate was quantified as the glucose quantification above. Starch concentration was calculated 

by multiplying the glucose hydrolysate concentration by a conversion factor of 0.9. The total NSC 

was calculated as the sum of starch and soluble sugar concentrations as percentage of dry matter (% 

dry matter).

Abscisic acid

We measured foliar abscisic acid (ABA) concentrations to assess if stomatal regulation was 

influenced differently by ABA between the treatments. For each species in each treatment, leaves 

were collected from the canopy. In the gondola, the leaves were immediately processed to sample two 

leaf discs from each of three different leaves using a cork borer, avoiding the mid-vein when possible. 

These samples were placed in coin envelopes and then into a liquid nitrogen dry shipper in the 

gondola. In the lab, the six frozen leaf discs were removed from the coin envelope and placed in a vial 

with 5 mL of methanol, which was then covered with parafilm, closed, and stored in a refrigerator at 

5°C. Then, the tissue samples were homogenized and ABA was extracted, purified, and quantified 

following the detailed protocol of (McAdam, 2015) and (McAdam & Brodribb, 2014).

Modeling approach

We used a photosynthetic gain and hydraulic cost optimization model (Sperry et al., 2017; Venturas et 

al., 2018) run at hourly time steps from May 2018 to August 2019 to assess how tree effective water 

acquisition depth may have shifted between the control and drought treatments for each species. The 

original model code was ported into R (version 4.0.2) and run using the ‘ezsperry’ package (Leff, 

2020) in R Studio (version 1.3.1073) (R Core Team, 2020; RStudio Team, 2020). The model was 

forced with hourly meteorological observations including precipitation, air temperature, solar A
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radiation, atmospheric vapor pressure deficit, and wind speed, which were measured at the study site 

with a weather transmitter (WXT520, Vaisala, Helsinki, Finland) mounted on the load-jib on the 

crane, about 47m off the ground. For a data gap from January to June 2019, we used observations 

from a nearby weather station at Cow Bay (16.23819° S, 145.427151° E). The model was then 

parameterized with stand, soil, plant, photosynthetic, atmospheric, and vulnerability curve 

measurements, which are described along with units, values, and references in Supplemental Table 1 

further laid out next in the text.

Measured site values used to parameterize the model included latitude, longitude, elevation, 

canopy leaf area index (Liddell & Laurance, 2015), and basal area to ground area ratio (Tng et al., 

2016). Measured soil parameters included the fraction of rock in the soil, van Genuchten parameters α 

and n (van Genuchten, 1980) based on the texture of each soil layer (Liddell, 2015) (Supplemental 

Table 2 and Supplemental Figure 1). Leaf area to basal area was kept at the default value of 1000 m2 

m-2. Measured parameters included tree height, maximum carboxylation rate at 25°C (Vmax25), and 

maximum electron transport rate at 25°C (Jmax25). To determine Vmax25 and Jmax25, one branch per 

species per plot was cut from the canopy and placed in a bucket of water and returned to the ground 

for measurement of a CO2 response (A-Ci) curve. The photosynthesis model of (Farquhar & von 

Caemmerer, 1980) was fitted to the A-Ci curves using the ‘Plantecophys’ package in R (R. A. 

Duursma, 2015). Hydraulic vulnerability curves were measured at the site for eight of the study 

species using the benchtop dehydration method; full curves and methods can be found in (Peters et al., 

2021). The water potential at 50% loss of hydraulic conductivity (P50) was calculated using the 

‘fitplc’ package (R. Duursma & Choat, 2017) in R v.3.2.0 and these values were used to derive 

vulnerability curve parameters including Weibull function curve parameters b and c. The remaining 3 

species were not conducive to hydraulic measurements due to excessive latex and mucilage in the 

stems and thus were excluded from the modeling component of the study. 

In the model, root layer depths are based on the function:

𝐵 =  1 ―  𝛽𝑑

Which assumes equal root biomass in each soil layer, where B is the fraction of root biomass above 

depth d in cm, with the β coefficient between 0 and 1. Essentially, β determines root layer depths 

based on a given number of total layers (Supplemental Figure 2). To assess how the effective water A
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uptake depth shifted between the control and drought treatments for each species, we manipulated β. 

We tested β from 0.960 to 0.995, which corresponds to maximum effective water uptake depths of 

1.30m to 10.57m, in increments of 0.001 to determine the lowest β and therefore the shallowest depth 

of effective water uptake possible for each species in each treatment before minimum seasonal water 

potentials became too low, causing catastrophic cavitation and subsequently reduced transpiration. A 

benchmark analysis demonstrating the sensitivity of our simulation to β is shown in Supplemental 

Figure 3, demonstrating that changing β had a significant impact on the model outputs and that a 

uniform β was not appropriate across all species and treatments. Model output results were validated 

against predawn and midday water potentials and photosynthesis from the November field campaign 

(Supplemental Figure 4).

Statistics

All statistical tests were done in R (version 4.0.2) using R Studio (version 1.3.1073) (R Core Team, 

2020; RStudio Team, 2020). We first tested for differences in soil volumetric water content between 

treatments using a linear mixed effects model with the ‘lmer’ function from the ‘lme4’ package in R; 

treatment, depth, and month were fixed effects while pit number was a random effect. Linear mixed 

effects models were also used to test for differences between treatments and seasons for predawn and 

midday water potential, photosynthesis, stomatal conductance, intrinsic water use efficiency (A/gs), 

leaf mass per area, δ13C, and ABA; treatment and season were fixed effects, while species was a 

random effect. To test for differences in pressure volume curve traits between treatments, we used a 

multivariate analysis of variance (MANOVA) with the ‘manova’ function in the ‘stats’ package. We 

also used MANOVA to test for differences in vessel anatomy, specifically mean vessel area per mm2 

and number of vessels per mm2, between treatments and months. The effects of treatments, months, 

and tissues on concentrations of NSC and its components were also tested by MANOVA. To test for 

within-species differences in δ13C between treatments for the subset of 5 species with n=3 trees per 

treatment, we used analysis of variance (ANOVA) with the ‘aov’ function in the ‘stats’ package. To 

test if β and rooting depth from the model results shifted between the control and drought treatment, 

we used an ANCOVA to compare the intercept and slope of the control versus drought linear 

regression to a 1:1 line.A
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Results

Soil volumetric water content was significantly lower in the drought versus control treatment 

(p < 0.05; Figure 1). Predawn water potentials were less negative than midday water potentials (p < 

0.0001), but there was no significant difference in predawn or midday water potentials between 

treatments (p = 0.33) or months (p = 0.17; Figure 2). Photosynthesis and stomatal conductance were 

both higher in May compared to November (p < 0.0001), but there were no differences between 

treatments (p = 0.19; Figure 2). While there was a difference in intrinsic water use efficiency (A/gs) 

between treatment (p < 0.0001) and months (p < 0.0001) (Figure 2), there was no significant 

difference in δ13C, which is a measure of integrated water use efficiency, between treatment (p = 0.83) 

or months (p = 0.41; Figure 3). Further, in testing for within-species differences in foliar δ13C between 

treatments for a subset of 5 species, there were no differences between treatment (Figure 3). While 

there were differences between months for ABA normalized by fresh weight (p = 0.03), there was no 

difference between treatments (p = 0.26; Figure 2).

There was no significant difference in leaf mass per area between treatments (p = 0.94) or 

months (p = 0.25) (Figure 4). There was no significant difference between treatments for the turgor 

loss point (p = 0.49) (Figure 4) or any other pressure-volume curve trait (Supplemental Figure 6). 

There was no significant difference between treatments or months for mean vessel area per mm2 (p = 

0.19 and p = 0.09, respectively) or number of vessels per mm2 (p = 0.08 and p = 0.06, respectively; 

Figure 4). While there were differences in non-structural carbohydrates among tissues and months, 

there were no differences between treatments (Figure 5). 

Model simulations indicated that all trees in the drought treatment had a deeper effective water 

uptake depth as compared to the control treatment, except for the trees with the deepest effective 

water uptake depth of 6.6m (p<0.001; Figure 6; Supplemental Figure 5).  Absolute differences in 

effective water uptake depth within each species between treatments ranged from 0 to 1.1m.

Discussion

Our goal was to test how the hydraulic and carbon-based traits of a diverse set of tropical rainforest 

trees responded to four years of experimental drought. The soil volumetric water content in the top A
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meter was significantly reduced by rainfall exclusion in the drought treatment (Figure 1; Tng et al., 

2018). However, there were no differences in measured traits between the control and drought 

treatment, including predawn and midday water potentials (Figure 2), photosynthesis and stomatal 

conductance (Figure 2), foliar ABA level (Figure 2), leaf mass per area (Figure 4), turgor loss point 

(Figure 4), xylem vessel anatomy (Figure 4), and non-structural carbohydrates (Figure 5). The only 

empirically measured trait with a significant difference between treatments was intrinsic water use 

efficiency (A/gs), but there was no difference in foliar stable carbon isotope ratios, which is a measure 

of integrated water use efficiency, between treatments (Figure 3). While the impact of drought on 

above-ground traits was surprisingly limited, results from our process-based photosynthetic gain and 

hydraulic cost optimization model suggest that trees shifted their effective water uptake depth to 

deeper soil layers in response to the drought treatment (Figure 6).

Typically, traits that respond to drought and regulate plant water use include stomatal 

conductance, water use efficiency, foliar turgor loss point, leaf phenology, and tolerance of low 

minimum seasonal tissue water potential (Bartlett et al., 2016; Blackman et al., 2019; Pivovaroff et 

al., 2016). For example, variable plant hydraulic conductance has previously been shown to control 

the seasonal plant water potential gradient in northern Australia (Franks et al., 2007). In our 

experiment, we saw homeostatic regulation of plant water status (Figure 2), even with a significant 

reduction in soil moisture in the upper soil layers between treatments (Figure 1), because of 

differences in the effective water uptake depth at deeper soil layers for trees in the drought treatment. 

This allowed trees to maintain water access (Figure 6) and therefore their water status. Tree plasticity 

for depth of water uptake has been shown for other tropical rainforest trees (Stahl et al., 2013). Our 

modeled differences in depth of effective water uptake fell well within the maximum rooting depth 

for tropical trees. For example, in a global review of maximum rooting depth, tropical evergreen 

forests had a maximum rooting depth of 7.3±2.8 m (Canadell et al., 1996). The deepest simulated 

effective water uptake depth for our trees was at 6.6 m, and within each species the absolute change in 

effective water uptake depth ranged from 0 to 1.1m between treatments (Figure 5). Further, Cheesman 

et al., 2020 found that at this study site the drought treatment had a significant effect on δ15N, which is 

likely a result of droughted trees shifting the depth of water access to deeper layers that also have an 

elevated δ15N. However, while we can manipulate the effective water uptake depth using the A
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photosynthetic gain and hydraulic cost optimization model (Sperry et al., 2017; Venturas et al., 2018), 

we cannot distinguish if this was, in fact, a change in the rooting depth of trees in the field per se, or if 

trees already had existing roots at that depth and they instead shifted the dominant depth from which 

they acquired water (Mackay et al., 2020). While this could be determined using stable water 

isotopes, the soil’s rocky nature at this site (~32% rock by volume near the surface, and 44% below 

0.2m depth; Liddell, 2015) makes that measurement technically challenging. Further, these results 

would be difficult to interpret as the isotopic gradient would differ between treatments. Besides, as we 

kept the above-ground biomass the same for each species’ model across treatments, we cannot 

account for any allometric shifts between below and above-ground biomass (Mencuccini, 2003). 

Previous experiments have shown the leaf area index to decline in response to reduced plant-available 

water in the Amazonian tropics (Nepstad, 2002).

The homeostatic maintenance of tree water status across treatments also resulted in no 

difference in gas exchange, non-structural carbohydrates, or turgor loss point between treatments. 

Because of the differences in tree effective water uptake depth between treatments, the effective water 

supply to the trees and their leaves stayed the same. Without an impact on water supply and no 

experimental impact on the water demand (i.e. no change in vapor pressure deficit between 

treatments), these other traits were also maintained regardless of rainfall exclusion. Previous studies 

have also shown similar homeostatic trait maintenance patterns in tropical forests, including hydraulic 

traits (Pivovaroff et al., 2021) and non-structural carbohydrates (Dickman et al., 2019) across 

precipitation and water availability gradients. Furthermore, the lack of difference in turgor loss point 

between treatments indicates that trees were at equal hydraulic risk to reach wilting in both treatments 

(Figure 4). Hydraulic safety margins are generally thought of as an indicator of mortality risk, with 

species closer to or exceeding thresholds of water stress, including vulnerability to cavitation and 

turgor loss, being at greater risk of drought mortality (Anderegg et al., 2016; Choat et al., 2012). 

Previous research in moist tropical forests has shown that species with large hydraulic safety margins 

were protected against drought (Ziegler et al., 2019), while hydraulically vulnerable trees were killed 

during catastrophic drought (Powers et al., 2020). The homeostatic regulation of plant water status, 

gas exchange, non-structural carbohydrates, and other traits across treatments due to shifts in below-
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ground dynamics suggests a potential below-ground mechanism to promote this forest’s resistance to 

a decrease in rainfall.

Understanding how tropical forests respond to drought is essential for predicting climate 

change impact on tropical forest – atmosphere interactions. Many wet tropical forests have already 

experienced increased tree mortality rates, including the Amazon (Brienen et al., 2015; Hubau et al., 

2020) and in Southeast Asia (Phillips et al., 2010). Our results, however, suggest that trees living on 

deep soils may be better adapted to surviving severe droughts that may arise in the future and 

therefore be more resilient to climate change. A resilient rainforest would serve as a refugia for flora 

and fauna in a rapidly changing world. However, more drastic changes in precipitation patterns or the 

interaction of multiple factors such as drought, rising temperature, and increased atmospheric demand 

(vapor pressure deficit) might still negatively impact these trees, especially for species that may be 

more moisture sensitive. For example, in a previous study at this site, the native palm Normanbya 

normanbyi had reduced photosynthetic rates, stomatal conductance, and even fruiting activity 

(Vogado et al., 2020) in response to the experimental drought treatment. This species tends to be 

shallower rooted than our study tree species and as a monocotyledon it is does not have secondary 

wood formation, disallowing sufficient acclimation to reduced soil moisture in the drought treatment. 

This warrants further empirical measurements of forest drought adaptation traits that are important for 

parameterizing predictive process based and Earth systems models.
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Figure captions.

Figure 1. Daily total rainfall (mm), daily mean air temperature (℃), and daily mean soil volumetric 

water content for the control (purple) and drought (yellow) treatment at four different depths (10cm, 

50cm, 100cm, and 150cm) measured at the Daintree Rainforest Observatory in Australia in 2018.

Figure 2. Predawn and midday water potentials, photosynthesis, stomatal conductance, intrinsic water 

use efficiency (A/gs), and foliar abscisic acid (ABA) levels measured on 11 tree species between 

control (purple) and drought (yellow) treatments during the wet and dry season at the Daintree 

Rainforest Observatory in Australia. The boxplots display the median as a bold horizontal line, with 

colored hinges above and below the median to illustrate the 25th and 75th percentile. Outliers, values 

more than 1.5 times the inter-quartile range, are displayed as individual black points. The raw data 

points are overlaid on the boxplots as shaded points. For the ABA level panel, the y-axis is scaled in 

that 3 outliers above 20,000 ng g-1 have been excluded. Within each panel, different letters indicate a 

statistically significant difference (p<0.05).

Figure 3. Foliar δ13C measured on 11 tree species between control (purple) and drought (yellow) 

treatments during the wet and dry season at the Daintree Rainforest Observatory in Australia. The 

right panel shows foliar δ13C measured on a subset of 5 species from the original 11 that were 

resampled for replication (n=3) to determine if there were within species differences between 

treatments. The boxplots display the median as a bold horizontal line, with colored hinges above and 

below the median to illustrate the 25th and 75th percentile. Outliers, values more than 1.5 times the 

inter-quartile range, are displayed as individual black points. The raw data points are overlaid on the 

boxplots as shaded points. Within each panel, different letters indicate a statistically significant 

difference (p<0.05).

Figure 4. Leaf mass per area, turgor loss point, mean vessel area per mm2, and number of vessels per 

mm2 measured on 11 tree species between control (purple) and drought (yellow) treatments during the 

wet and dry season at the Daintree Rainforest Observatory in Australia. The boxplots display the 

median as a bold horizontal line, with colored hinges above and below the median to illustrate the A
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25th and 75th percentile. Outliers, values more than 1.5 times the inter-quartile range, are displayed as 

individual black points. The raw data points are overlaid on the boxplots as shaded points. Within 

each panel, different letters indicate a statistically significant difference (p<0.05).

Figure 5. Non-structural carbohydrates, including total sugars (glucose, fructose, and sucrose), starch, 

and total non-structural carbohydrates (starch plus all sugars), measured on 11 tree species between 

control (purple) and drought (yellow) treatments during the wet and dry season at the Daintree 

Rainforest Observatory in Australia. The boxplots display the median as a bold horizontal line, with 

colored hinges above and below the median to illustrate the 25th and 75th percentile. Outliers, values 

more than 1.5 times the inter-quartile range, are displayed as individual black points. The raw data 

points are overlaid on the boxplots as shaded points. Within each panel, different letters indicate a 

statistically significant difference (p<0.05).

Figure 6. Modeled effective water uptake depth for 8 tree species between the control and drought 

treatment at the Daintree Rainforest in Australia. We could only model 8 of the original 11 study 

species because it was not possible to conduct vulnerability curves for 3 of the species due to 

excessive latex and mucilage in the stems.
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