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Abstract

Key message The woody plant life forms in a tropical dry forest differ largely in their diurnal and seasonal patterns of root
water uptake and the related atmospheric and edaphic drivers.

Abstract As a consequence of global climate change, the frequency and intensity of drought events in tropical forest eco-
systems is expected to increase. Woody species in tropical dry forests (TDFs) exhibit diverse strategies to withstand drought
such as leaf-shedding or stem succulence that have mainly been studied from an aboveground perspective. Much less is
known about the functioning of small and fine roots during the dry season and their response to soil re-wetting. We mea-
sured sap flux in small-diameter roots (2—6 mm) of four woody Ecuadorian TDF species using calibrated miniature sap
flow gauges based on the heat-ratio method to unravel seasonal and diurnal patterns in root water uptake in dependence on
phenology, soil moisture, and climatic drivers. Continuous data from 17 months showed that water uptake in the deciduous
trees Eriotheca ruizii, Ceiba trischistandra, and Vachellia macracantha was closely linked to leaf phenology, soil moisture,
and, in wet soil, vapor pressure deficit (VPD), while the tall, stem-succulent cactus Armatocereus laetus revealed a highly
opportunistic water uptake pattern with rapid responses to small rainfall amounts in the dry season and decoupling from
atmospheric drivers. While root sap flux density was on average highest in C. trischistandra with largest foliage area, the
cactus roots were able to absorb water all day round without daytime dormancy and thus outperformed the other two species
even during wetter periods. Deeper insights into small-root functionality across seasons is essential for a more mechanistic
understanding of the water relations of TDF perennials with different drought response strategies.
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Introduction

Tropical dry forests (TDFs) once covered large areas in both
the Neotropics and the Paleotropics, but their area is rapidly
declining due to human activities (Bastin et al. 2017). About
half of the current TDF area is located in the Neotropics
(Miles et al. 2006; Estrada-Medina et al. 2013; DRYFLOR
2016). TDFs are characterized by a distinct rainfall sea-
sonality with alternating wet and dry seasons (Murphy
and Lugo 1986). During the usually four to more than six
months long dry season, TDFs experience severe climatic
drought and pronounced soil desiccation that strongly ham-
pers soil biological and root activity (Murphy and Lugo
1986; Mooney et al. 1995). Water availability is therefore
the key factor limiting plant establishment, growth, and
survival in these forests (Maas and Burgos 2011). Despite
these environmental constraints, TDFs belong to the most
biodiverse ecosystems in the tropics (Murphy and Lugo
1986; Escribano-Avila et al. 2017), which harbor an impres-
sive diversity of plant life forms adapted to water limitation
(Medina 1995).

TDF plants do not only have to cope with the long dry
season but also with a high interannual variability of rain-
fall onset, duration, and intensity in the wet season (Mur-
phy and Lugo 1986), which increases the risk of drought
damage of the vegetation. Moreover, climate warming will
rise the vapor pressure deficit (VPD) of the atmosphere
and is predicted to increase the frequency and intensity of
droughts in tropical regions in the future (Miles et al. 2006;
Malhi et al. 2009; Chadwick et al. 2015; Fang et al. 2022).
Thus, the uncertainty in annual rainfall patterns most likely
will increase in tropical dry regions in the decades to come
(Feng et al. 2013).

In order to adapt to long drought periods and the irreg-
ularity of rainfall, TDF tree species have evolved distinct
strategies to avoid or tolerate water deficits (Olivares and
Medina 1992; Poorter and Markesteijn 2008; Chaturvedi et
al. 2021), either through phenological (e.g. timing of leaf
shedding and renewal), structural (e.g. stem hydraulic prop-
erties, rooting patterns), or physiological modifications (e.g.
water relations regulation, cellular desiccation tolerance,
photosynthetic pathways) (Holbrook et al. 1995). The broad
spectrum of drought response strategies found in TDF trees
is well displayed by the co-existence of contrasting leaf
phenology types in these biodiverse ecosystems that range
from deciduous (drought-avoiding) to evergreen (drought-
tolerant) (Borchert 1994; Giraldo and Holbrook 2011).

The dominant strategy in most TDFs is drought-decid-
uousness (Murphy and Lugo 1986; Mooney et al. 1995),
i.e., the shedding of leaves at the onset of the dry period
for several months to avoid tissue desiccation through tran-
spiration when soil water supply becomes limited (Borchert
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1994; Wolfe et al. 2016). Many obligate deciduous trees,
including stem succulents and cacti, are characterized by
low wood densities, fairly high water transport capacities,
and a high hydraulic capacitance in the stem (Borchert
1994; Bobich and North 2009; Avila-Lovera and Ezcurra
2016; Alvarado and Terrazas 2023). Semi-evergreen species
shed their leaves only for some weeks during the dry season
(Eamus 1999). Many deciduous and stem-succulent trees
are capable of flushing new leaves and/or flowers within
or at the end of the dry season, supported by stored water
(Borchert 1994; Chapotin et al. 2006; Wright et al. 2024). In
contrast, evergreen trees that maintain their sclerophyllous
foliage throughout the dry season, often have higher wood
densities and a more embolism-resistant xylem than decidu-
ous trees, but they are typically lacking the capacity to store
notable amounts of water in stem tissues (Borchert 1994;
Holbrook et al. 1995; Medina 1995; Eamus 1999). In cli-
mates with a highly irregular occurrence of severe drought
periods, stem-succulent plants with CAM metabolism such
as Cactaceae or Euphorbiaceae are promoted (Ellenberg
1981; Liittge 2008).

While a considerable number of studies have addressed
the water relations and drought response strategies of neo-
tropical TDF trees from an aboveground perspective (Sob-
rado and Cuenca 1979; Sobrado 1986; Hasselquist et al.
2010; Markesteijn et al. 2010; Wu et al. 2019; Wright et al.
2021, 2024), much less attention has been paid to the root
systems of dry forest trees and their functionality during dry
and wet seasons (Scholz et al. 2002; Hultine et al. 2023).
This is unfortunate and hampering a full understanding of
the drought response strategies of TDF trees, since root sys-
tem adaptations to water scarcity are of equal importance
for the drought survival of trees as are adaptations at foli-
age, crown, and stem levels (Sobrado 1986). Roots as the
interface between soil and plant, and their distribution in the
soil exert a large influence on tree water consumption, and
their functioning during soil drought is crucial for the trees’
survival and fitness during and after the dry season. In par-
ticular, the switch in root functioning between wet and dry
seasons and upon rewetting after long drought is not well
understood for major TDF tree life forms.

Evergreen dry forest species generally develop deeper
root systems that enable them to access water in deeper soil
layers when the topsoil dries out (Sobrado and Cuenca 1979;
Eamus 1999; Paz et al. 2015). In contrast, (non-succulent
and succulent) drought-deciduous species typically build
shallower root systems which allow rapid water absorption
in the topsoil as soon as rainfall is starting to rewet the soil
(Paz et al. 2015). This strategy of a rapid root response to
rewetting has been intensively studied in Cactaceae spe-
cies, which combine stem succulence and the CAM photo-
synthetic pathway with the development of a far-reaching
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lateral root system with so-called rain roots in the topsoil
that can effectively tap even small and erratic rainfall events
(Kluge and Ting 1978; Nobel 1988, 2002; Shiskova et al.
2013; Rodriguez-Alonso et al. 2018). However, their root
systems might be less effective in exploiting deep soil water
reserves. There is some evidence for a trade-off between
rooting depth and stem hydraulic capacitance in tropical dry
forest trees (Borchert 1994; Paz et al. 2015).

So far, the water use of TDF trees during the wet and dry
season has mostly been investigated via leaf transpiration
measurements (Sobrado and Cuenca 1979; Sobrado 1986;
Hasselquist et al. 2010; Markesteijn et al. 2010; Wu et al.
2019; Wright et al. 2021, 2024) and sap flow recording in
stems (Meinzer et al. 1999; Scholz et al. 2002; Andrade et
al. 2005; Butz et al. 2017, 2018; Wright et al. 2024) or larger
lateral roots >10 mm in diameter (Scholz et al. 2002; Hul-
tine et al. 2023) using invasive methods. These and other
studies have revealed that tropical dry forest species dif-
fer substantially in their hydraulic strategies and seasonal
water-use dynamics, indicating functional divergence in
drought responses with respect to stem hydraulic archi-
tecture and capacitance, and carbon allocation patterns (da
Silva Brito et al. 2022; Medeiros et al. 2025). Incorporating
belowground sap flux dynamics into this framework may
allow to better understand the role of root hydraulics in dif-
ferent drought-response syndromes.

The functioning of small-diameter roots which are close
to the root segments that conduct water uptake has, however,
received much less attention in dry forest systems and was
not studied with non-invasive in situ-measuring techniques.
While recording sap flow in roots of 2—6 mm in diameter
does not directly capture the process of water uptake, the
measuring site is close enough to the terminal root tips to
monitor uptake dynamics reliably without the obscuring
effect of hydraulic capacitance introduced by larger root seg-
ments. Of particular interest is the water uptake activity of
the absorbing fine roots of different TDF tree life forms dur-
ing the dry season and how rapidly these roots are resuming
function when the soil starts to rewet. Deeper insights into
the seasonal and diurnal dynamics of root water absorption
of trees with contrasting drought response strategies would
help to better understand how the trees are coping with
unpredictable rainfall events and which life forms might be
particularly vulnerable to a warming and drying climate.

In this study in a southern Ecuadorian dry forest, we
employed miniature sap flow gauges to monitor sap flow in
situ in roots of 2—-6 mm in diameter that were located close to
the water absorbing fine roots, comparing four co-occurring
woody species with contrasting leaf phenologies (drought-
deciduous to evergreen) and stem water storage capacities
(stem- and root-succulent trees, a non-succulent tree, and a
tall cactus). Two wet and one dry season were covered by

continuous sap flow measurements, and the measured flux
density was related to microclimatic and soil moisture data
in order to identify the main drivers of sap flux in the dif-
ferent species. The drought response strategies represented
in the four studied species were deciduous, stem-succulent
trees (C. trischistandra), deciduous, root-succulent trees (.
ruizii), non-succulent semi-deciduous trees (V. macracan-
tha), and tall woody, stem-succulent Cactaceae with CAM
metabolism (4. laetus). We were especially interested in (i)
diurnal water uptake patterns as influenced by the contrast-
ing diel courses of photosynthesis in C; and CAM plants,
(ii) the contrast between wet and dry season uptake rates,
(iii) the velocity at which root water uptake recovers upon
soil re-wetting, and (iv) the role of microclimatic variables
and soil moisture as drivers of root water uptake in the dif-
ferent species.

Materials and methods
Study site and species selection

The study was conducted in the Laipuna Nature Reserve
in the region of Macard in southern Ecuador (4°22°S,
79°90"W) which belongs to the Tumbesian Dry Forest
ecoregion in south-western Ecuador and north-western
Peru, a biodiversity hotspot rich in endemic plant species
(Espinosa et al. 2012; Wurz et al. 2023). The reserve cov-
ers an elevational gradient from 600 to 1200 m a.s.l. in the
Catamayo River canyon on the lower south-western slopes
of the Andean Cordillera in rugged, hilly terrain with mostly
northern aspect. Mean annual temperature at 600 m a.s.l.
is 23.4 °C and mean annual precipitation is approximately
545 mm, with high interannual variability (Pucha-Cofrep et
al. 2015; Spannl et al. 2016). Annual precipitation patterns
show a distinct dry season from June to December, when
VPD reaches peak values, and a rainy season typically last-
ing from January to May, when the westerly winds of the
Innertropical Convergence Zone (ITCZ) hit the southern
Ecuadorian coast and rainfall occurs typically during night
(Volland-Voigt et al. 2011; Spannl et al. 2016). However,
also in the rainy season, short periods of drought can occur
(Fig. 1). The soils are classified as Cambisols (Butz et al.
2018) with a profile depth of >50 cm.

The natural forest vegetation is a fairly species-rich pre-
montane, seasonal tropical dry forest with an average can-
opy height of 11-16 m (maximum 20 m) and dominance of
drought-deciduous trees (Aguirre et al. 2006; Wurz et al.
2023; Werner and Homeier 2024). In the reserve, roughly
80 tree species have been identified, with Fabaceae being
the by far species-richest family. A large variety of tree life-
forms exhibiting different drought adaptation strategies is
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Fig. 1 Seasonal course of (a) rainfall and soil water content (SWC),
and (b) vapor pressure deficit (VPD) and air temperature (daily totals
or means) at the study site in the period March 30, 2022 to Septem-
ber 04, 2023. Light blue shading indicates the seasons in which SWC
is >15 vol%, which is the definition used here to delineate the rainy
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season. Note that according to the standard Oceanic Nifio Index (ONI)
classification, the 2021-2022 period is categorized as a moderate La
Nifia event (drier than average) and the 2023-2024 period as a strong
El Nifo event, as reflected in higher than usual rainfall and extension
of precipitation into the normal dry season in June and July

Table 1 Some characteristics of the four studied species relating to leaf phenology, water storage organs, wood specific gravity (WSG), maximum
tree height (Height, . ), and maximum diameter at breast height (dbh,,.) recorded on individuals in permanent forest plots in the study area

Species Family Phenological type Storage organ WSG Height, ., (m) dbh . (cm)
Armatocereus laetus Cactaceae Evergreen Stem - 7 15
Ceiba trischistandra Malvaceae Deciduous Stem 0.21 20 149
Eriotheca ruizii Malvaceae Deciduous Root bulbs 0.47 18.5 75
Vachellia macracantha Fabaceae Semi-deciduous None 0.84 14 43

present, including the dominant drought-deciduous species,
as well as evergreen species and stem-, leaf- and root-suc-
culent taxa.

For this study, we chose four woody species from a study
plot at 600 m a.s.l., each representing a characteristic life-
form in this dry forest ecosystem: Ceiba trischistandra (A.
Gray) Bakh. (Malvaceae), Eriotheca ruizii (K. Schum.)
A. Robyns (Malvaceae), Vachellia macracantha (Humb.
& Bonpl. ex Willd.) Seigler & Ebinger (Fabaceae), and
Armatocereus laetus (Knuth) Backeb (Cactaceae). The spe-
cies differ in several aspects, notably in leaf longevity, the

@ Springer

capacity for water storage in different organs, and in root
system structure, which enables them to pursue different
drought survival strategies (Table 1).

The stem-succulent C. trischistandra and the root-succu-
lent E. ruizii are two of the most abundant deciduous canopy
tree species in the forest (Werner and Homeier 2024). While
both species shed their leaves simultaneously at the end
of the wet season, typically from June onwards, E. ruizii
builds new foliage only upon soil rewetting usually from
January onwards and thereafter. In contrast, C. trischistran-
dra is able to flush new leaves already several weeks prior
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to the start of the rainy season, mobilising water stored in
the trunk. Both species form a more superficial root sys-
tem. The semi-deciduous Fabaceae V. macracantha differs
in its leaf phenology from these two and other deciduous
species, in that it is never completely leafless but continu-
ously exchanges leaves, apparently due to a less drought-
sensitive foliage and probably deeper rooting. The fourth
species, 4. laetus, is one of the most common tall evergreen
stem-succulent cactus species in the region, which forms a
superficial, lateral root system, as is characteristic for many
Cactaceae.

Recording of climatic variables and soil moisture

Climatic data were recorded continuously at 30-min inter-
vals from March 30, 2022, onwards on a climate tower
installed inside the forest at an elevation of 600 m a.s.l. Air
temperature and relative air humidity were measured with a
HMP115 temperature and air moisture sensor (Vaisala, Van-
taa, Finland) that uses a Pt1000 platinum resistance tem-
perature sensor and a Humicap180R® capacitive thin-film
polymer sensor. Atmospheric vapor pressure deficit (VPD)
was calculated from temperature and air humidity with the
Tetens’ formula (Tetens 1930). Rainfall was continuously
recorded with tipping bucket rain gauges (Model 52203,
R.M. Young Company, Traverse City, Michigan, USA) and
expressed as daily or half-hourly totals. Volumetric soil
water content (vol%; hereafter soil water content, SWC)
was continuously measured from April 20, 2022, onwards
with TEROS 12 frequency-capacitance soil moisture sen-
sors (METER Group Inc., Pullman, WA, USA) installed in
5 cm soil depth. Incoming short-wave radiation was mea-
sured with a net radiometer (NRO1, Hukseflux Thermal
Sensors B.V., Delft, The Netherlands). The foliation status
of the leaf-bearing trees was monitored at weekly intervals
throughout the study period. For the purpose of this study
and in line with Butz et al. (2018), we defined the dry season
as the period in which SWC fell below 15 vol%, and the
rainy season as the period where SWC remained> 15 vol%
for at least five consecutive days (Fig. 1).

Measurement of root water uptake

To monitor root water uptake in the four study species under
in situ conditions, custom-made miniature sap flow gauges
were externally mounted on small-diameter roots (2—6 mm
in diameter) of at least three individuals in each of the four
species. These root segments belonged in most cases to
the 4th, 5th or 6th orders in the hierarchical classification
of developmental orders of the distal root system (with the
Ist order being the most distal unbranched segment). While
these segments primarily served in resource transport, they

were close to the sites of root water absorption, which is
usually assumed to occur in the 1st and 2nd orders (McCor-
mack et al. 2015). Sensors were mounted to intact, straight
root segments of approximately 10 cm length growing in
the topsoil (5—-10 cm soil depth), which were traced from
the stem for species identification. At the gauge installation
point, the root surface was carefully cleaned from soil par-
ticles and organic material in order to ensure a tight contact
between sensor and root. After sensor mounting, the shallow
pits in the topsoil were filled again with the removed soil to
minimize temperature fluctuations in the root surroundings.
Sap flow data were continuously recorded at 30-min inter-
vals from March 30, 2022, until July 10 (C. trischistandra
and V. macracantha), or until September 04 (4. laetus and
E. ruizii), 2023, with a CR1000 data logger extended with
a AM16/32 multiplexer (Campbell Scientific, Cambridge,
UK).

The sap flow gauges used here were built after the design
desribed in Clearwater et al. (2009) with the main differ-
ence that cork as backing material was replaced by silicone
(Wagnersil 32 N, Wagner Dental, Hiickelhoven, Germany)
as proposed by Skelton et al. (2013). This led to more stable
readings when measuring in damp soil. The sensor gauge
(size 7 mm x 7 mm x 20 mm) carried a pair of thermo-
couples placed at equidistant points 5 mm upstream and
downstream of the heating source. A holder of the same
material provided fitting notches to align root and sensor
gauge. A surrounding clip made of PVC cable duct facili-
tated installation inside the small soil pit, where the roots
were accessed.

The type-T thermocouples were welded with 0.25 mm
thermocouple wire. A 47 Q chip resistor (RMC 1206, 2 mm
x 3.6 mm x 2 mm, 0.25 W, True Components, Hirschau,
Germany) served as heating element. To provide electrical
insulation, thermocouples and heat resistor were dipped in
insulation varnish (RS Components Ltd., Corby, UK). For
the heater, the 12 V battery voltage was reduced to 5 V with
a DC/DC converter resulting in 0.53 W heating power.

The datalogger was programmed to fire a 6-second heat
pulse every 30 min and record the appropriate pre- and post-
heat pulse temperatures for calculation of sap flow velocity
(see below). According to Clearwater et al. (2009), a heat
pulse duration of 6 s was considered adequate in terms of
ensuring sufficient temperature inflection at the thermocou-
ple position and avoiding root tissue damage due to exces-
sive heat.

In this study, two wiring schemes for the sensor-data-
logger connection were applied. Type A wiring followed
Clearwater et al. (2019) who used copper wire for the
heater and thermocouple extension wire for the thermo-
couples. The internal temperature sensor of the datalogger
was used as reference for the temperature measurements of
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the thermocouples. Type B wiring used only copper wire
and incorporated a thermistor (B57861S, TDK Electronics
AG, Munich, Germany) into the sensor-cable junction as the
temperature reference. Wiring scheme B was cheaper and
easier to handle but yielded less accurate temperature read-
ings, as was revealed by the subsequent analysis of the col-
lected data. We assume that in wiring scheme B, mechanical
shortcomings (notably insufficient thermal isolation of the
sensors on the small-diameter roots) may have impaired
sensor functioning especially during very hot and dry
periods, leading to inaccurate reference temperature mea-
surements by the thermistors, especially in the dry season.
As a consequence, high-resolution sap flow data (30-min
intervals) of sufficient quality were only available for two
of the four study species (4. laetus and E. ruizii) recorded
with wiring scheme A. For the remaining two species (C.
trischistandra and V. macracantha), data were recorded
with wiring scheme B and were not suitable for analyses
requiring high temporal resolution. Therefore, we present
in Fig. 3 high-resolution sap flow data and diurnal sap flux
patterns (Fig. 3) only for the two species monitored using
wiring scheme A, whereas for the other species, only daily
flow sums were retrieved which were used to display sea-
sonal trends (Fig. 2).

Due to frequent data gaps during measurement in the
highly compacted soil, which caused incomplete daily and
seasonal sap flux curves, we present here only the most
complete data sets from one root per species.

The physical background and sensor calibration

Externally attached gauges applying the heat-ratio method
(HRM) to measure sap flow in plant organs of small diam-
eters, when flow rates are often<2 g h™!, were first designed
by Clearwater et al. (2009). They served as models for the
gauge design used in this study. With the HRM method,
which is based on the seminal work of Marshall (1958), sap
flow in either direction can be measured by placing the ther-
moelements at equal distances upstream and downstream of
the heating source. Accordingly, sap flow velocity is cal-
culated from the relation of the temperature rise at the two
upstream and downstream measuring points after the heat
pulse as:

k 5T _
vp = ;ln (61’;) (cms™)

where k is the thermal diffusivity of wet wood (cm? s),
x the distance of the thermocouple locations to the heat-
ing source (cm), and 67, (downstream) and 67, (upstream)
the temperature rise (K) at the two measuring points aver-
aged for the interval 55 to 70 s after the heat pulse. Earlier
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measurements with a variety of small-diameter roots had
given this time period as that post-heating time interval,
in which the 67 - 67, difference was maximal. The term
In (6T,/ JT,) reflects the heat dissipation in upstream and
downstream direction in the root in dependence on sap flow
rate and is termed HRM value in the subsequent text.

The small diameter of the roots studied here required fix-
ing the sensor externally to the root surface with the conse-
quence that the heat field between root and sensor cannot be
easily calculated or modeled. On the other hand, the small
size of roots and sensors enabled direct calibration of the
measured water fluxes in the root by volumetry. For more
detailed information see the Supplementary Information.

For each root segment and gauge, we obtained the slope
of the linear regression between the flow rates (0to 2 gh ™)
and the observed HRM values and calculated sap flow in the
unit of g h™! by multiplying the HRM values with the mean
slope per species:

_ 5T1
Sap flow (gh 1) =1In <5T2> X (SZOPGSPem'es)

Anatomical analysis of the root vascular system

To express the measured root flux per conduit cross-sec-
tional area in the root xylem, we related the flow in g h'!
to the cumulative conductive conduit area (4., in mm?)
in the root xylem of the measured root segments. To calcu-
late A;,,,,.,, root segments of 10 cm length of all measured
roots were harvested after sap flow measurements had been
completed in September 2023. After completing the calibra-
tion runs in the laboratory, segments of 10-20 pm thick-
ness of the root segments were cut with a sliding microtome
(G.S.L.1, WSL, Birmensdorf, Switzerland) and stained
with safranin (1% in 50% ethanol, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) and alcian blue (1% in 50%
ethanol, Carl Roth GmbH+Co0.KG, Karlsruhe, Germany).
After fixation of the cross-sectional cuts on microscope
slides with Euparal (Carl Roth GmbH +Co0.KG, Karlsruhe,
Germany), they were oven-dried for at least two weeks
to obtain dry permanent samples. Photographs of the cuts
were taken with a stereo-microscope equipped with a cam-
era (SteREOV20, Carl Zeiss Microlmaging GmbH, Géttin-
gen, Germany) at 125x magnification. Image processing for
the cumulative cross-sectional area of the conducting ele-
ments was conducted with Adobe Photoshop CS6 (version
13.01.1, Adobe Systems Incorporated, USA) and ImageJ
software (version 1.53) using the particle analysis function
to estimate A4, men-
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ding (in C.trischistanra and E. ruizii). Since V. macracantha is a semi-
deciduous species, the timing of leaf phenological events cannot be
precisely given. Only the onset of continuous leaf renewal (indicated
by leaf discoloration at the onset of the dry season) can be identified

(3"
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Data processing and statistical analyses

To visualize 30-min resolution sap flux data for E. ruizii and
A. laetus (Fig. 3), the data were smoothed with a LOESS
function over ten data points (5 h) using the smooth_vec
function from the timetk package in R software (version
2.9.0, Dancho and Vaughan 2023). To estimate the effects
of SWC and VPD on root sap flux for the species E. ruizii
and A. laetus, multiple regression analysis was employed
separately for each species (since we only use data from one
replicate per species). In the regressions, we included the
variables daytime, radiation intensity and, for the decidu-
ous species E. ruizii, crown status (leafless vs. leaf-bearing,
dummy-coded) as predictors. The sample analyzed with
the models comprised a total of 23,529 measurements for
E.ruizii and a total of 974 measurements for A. laetus,
respectively. Since we assumed root sap flux would increase
with rising SWC, and that this effect would be strongest
under periods of high VPD — typically during daytime in

E. ruizii and during nighttime in 4. laetus (stomata closed
during daytime), we included an interaction term between
SWC and VPD in the models. Prior to fitting the models,
we log-transformed (base ¢) SWC and VPD to achieve a
roughly symmetrical distribution and avoid leverage issues
and influential cases. We fitted the models in R (version
4.4.2; R Development Core Team, 2023) using the func-
tion Im. We modelled the diurnal variation in root sap flux
by transforming daytime values into angles (in radians) by
first dividing daytime by 24 and then multiplying with 2 *
pi, and finally including the sine and cosine of the result-
ing variable into the models (Stolwijk et al. 1999). A QQ-
plot of the residuals and residuals plotted against the fitted
values revealed a violation of the assumptions of normally
distributed and homogenous residuals of the model fitted for
E. ruizii. We therefore included modeling the dispersion of
root sap flux as a function of the sine and cosine of daytime
into the model and then re-fitted it using the function glm-
mTMB of the eponymous package (version 1.1.10; Brooks
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January (Pre-rainy season)

Fig. 3 Diurnal variation in root sap flux density of the dry-deciduous
tree Eriotheca ruizii (purple line) and the tall cactus Armatocereus
laetus (yellow line) on each four to six days and nights in the pre-
rainy season (January), mid-rainy season (March) and early dry sea-
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July (Early dry season)

son (July) in 2023 in relation to rainfall amount (blue bars), soil water
content (SWC, blue lines), and vapor pressure deficit (VPD, red lines),
given as 30-min amounts or means. Nighttime periods are shaded in
grey. Ticks on the X-axis mark mid-night
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et al. 2017). Hence, the model we fitted was still a multiple
regression, but the model also estimated the effect of (the
sine and cosine of) daytime on residual standard deviation.
In the model fitted for 4. laetus, a QQ-plot revealed signifi-
cant temporal autocorrelation. To cope with this, we applied
downsampling to two randomly chosen data points (12 h
apart) per day. Model stability was assessed in case of the
A. laetus model by means of DF-beta values (Field 2005).
For E. ruizii, we determined model stability by dropping
individual measurements from the data, one at a time, and
comparing the estimates derived from models fitted with the
respective subsets with those obtained for the full dataset.
The two approaches revealed both models to be of good
stability (see Tables 3 and 4). For the E. ruizii model, we
estimated 95% confidence limits of the model estimates and
fitted values by means of a parametric bootstrap (N=1000
bootstraps; function simulate of the package glmmTMB).
Since the interaction between SWC and VPD was not sig-
nificant in the model for 4. laetus, we fitted the model again
without the interaction and yet reported the results of the
first model in Table S1. Semi-partial R’ values (Jaeger et
al. 2016) for individual fixed effects of the models were
calculated for both E. ruizii and A. laetus, using the func-
tion r2beta from the r2glmm package (version 0.1.3; Jaeger
2025). For more details see the Supplementary Information.

Results
Root water uptake in the wet and dry season

Continuous measurements of root sap flux density (J,) over
a full dry and a full wet season from April 2022 to Septem-
ber 2023 revealed distinct seasonal root water uptake pat-
terns in the four studied species in response to rainfall and
soil water availability (Fig. 2). In the three drought-decidu-
ous species E. ruizii, C. trischistandra, and V. macracantha,
sap flux density closely followed seasonal SWC variation,
with water uptake starting with soil rewetting upon the
onset of the rains in February 2023 (Fig. 2). However, a
closer look on the development of J; during the rewetting
period revealed differences between these three species:
While for C. trischistandra, the tallest of the tree species
studied, root water uptake was already observed prior to the
start of the rainy season from about February 1st onwards,

a pronounced increase associated with the onset of the
rainy season occurred at approximately the same time in C.
trischistandra and V. macrantha, while E. ruizii responded
with delay of about two weeks. The patterns of the three
species contrasted strikingly with the seasonal J, course
observed in the tall cactus 4. laetus, which responded with
root water uptake already to very small rainfall amounts
(<5 mm d!) in December and reached fairly high J, rates in
January, when the other species were still inactive. On the
other hand, the cactus reached its annual peak in root water
uptake already in Febuary 2023, when the soil moisture just
began to increase, and it declined toward March, April and
May, when soil moisture was highest. 4. laetus responded
with rapid J, increases also to the two minor rainfall events
during July and August in the 2023 dry season. The three
deciduous species differed clearly from A. laetus in that
they increased their J; rate from February till late April/
early May 2023 in response to soil rewetting. The four spe-
cies further differed with respect to maximum root sap flux
density recorded. The J peak reached by C. trischistandra
in April/May 2023 was about three to four times higher than
that of V. macrantha and E. ruizii, and roughly twice as high
as that of A. laetus (Table 2, Fig. 2).

Diurnal patterns of root water uptake

Diurnal patterns of root sap flux density during a pre-rainy, a
rainy and an early dry season are shown in Fig. 3 exemplar-
ily for E. ruizii, a drought-deciduous C; tree, and A4. laetus,
a stem-succulent tall cactus with CAM metabolism, to visu-
alize influences of soil moisture, VPD and photosynthetic
pathway on water uptake activity. While the C; plant E. rui-
zii with assumed nighttime stomatal closure showed typical
water uptake peaks at noon, when VPD was largest and sto-
matal conductance likely peaked, J, revealed no overarching
diurnal variation pattern in the CAM plant 4. laetus (Figs. 3
and 4). During the mid-rainy season with highest soil mois-
ture, a drop in root water uptake was visible in the second
half of the daytime period (from 1 p.m. to 7 p.m.), which can
be related to stomatal closure. However, in the pre-rainy and
the early dry season with reduced soil moisture, the cactus
absorbed soil water during day and night and showed a flow
peak during daylight hours, similar to the C; plant (but with
higher nighttime fluxes) (Fig. 4). Interestingly, root water

Table 2 Daily means (and standard error) of root sap flux density (g mm 30 min™") for Armatocerus laetus, Ceiba trischistandra, Eriotheca ruizii,
and Vachellia macracantha during the rainy season 2023 (February, March, April, May, June)

Species Feb Mar Apr May Jun
Armatocereus laetus 1.26 (0.03) 0.69 (0.01) 0.48 (0.02) 0.50 (0.01) 0.25 (0.01)
Ceiba trischistandra 2.00 (0.09) 3.12 (0.09) 4.58(0.22) 3.52(0.13) -
Eriotheca ruizii 0.22 (0.01) 0.60 (0.02) 0.86 (0.02) 0.66 (0.01) 0.40 (0.01)
Vachellia macracantha 0.87(0.03) 1.26 (0.02) 1.49 (0.04) 0.93 (0.03) -
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Fig. 4 Mean diurnal curve of root sap flux density (g mm 2 h™') for
Armatocereus laetus and Eriotheca ruizii in the pre-rainy season (Jan-
uary), mid-rainy season (March) and early dry season (July) in 2023

uptake continued during the night in these two periods, even
though VPD approached zero (Fig. 3).

The species comparison further demonstrates that root
water flux is generally smaller per cross-section (i.e. flow
velocity is lower) in E. ruizii roots than in the cactus roots,
since not only daily peak flux densities were lower, but the
flux was usually maintained for only 12 h per day or less,
while the cactus roots regularly took up water for almost
24 h (day and night) (Figs. 3 and 4).

Factors controlling root water uptake

The regression models revealed that, in general, there was
an effect of VPD and SWC on root sap flux density in E.
ruizii (full-null model comparison, likelihood ratio test:
X°= 3195, df=3, P<0.001), and the interaction between
VPD and SWC was significant (Table 3, Fig. 5). More spe-
cifically, a rising VPD caused increased root water uptake
especially when SWC was high during the rainy season, as
visible during the mid-rainy and early dry season (Figs. 3
and 4, middle and right column). Other significant factors
driving J; of E. ruizii were time of day, radiation intensity,
and crown status (leafless vs. leaf-bearing) (Table 3, Fig.
S1).
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given in relative units (1 =maximum). Mean soil water content (SWC,
vol%) is given for the three periods as well

In A. laetus, in contrast, VPD and SWC had an overall
effect on root sap flux in the full-null model comparison
(F.963=172.108, P<0.001), but when the predictors were
tested individually, our model detected only a marginal
influence of VPD on sap flux density (P=0.077; Table 4),
and the relationship was negative (Fig. 6). On the other
hand, the influence of SWC was significant and positive
(Table 4, Fig. 6), and radiation intensity was another signifi-
cant driver (Table 4, Fig. S2).

Discussion

Our continuous sap flux measurements on small-diameter
roots of four characteristic TDF species revealed contrast-
ing seasonal water uptake patterns, in particular during the
process of soil re-wetting. The differences were particularly
striking between the three deciduous tree species and the
cactus species with different photosynthetic pathways (Butz
et al. 2018; de Souza et al. 2020). Root sap flux ceased
completely in all four studied species in June 2023, three to
four weeks after the last larger wet-season rain event, when
soil moisture in the topsoil had reached a constant level
of about 10 vol%, which seems to represent the moisture
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Table 3 Results of the root sap flux model for Eriotheca ruizii. Given are estimates, their standard errors, 95% confidence intervals, and results of
significance tests for the predictors VPD, SWC, time of day, radiation intensity, crown condition (leafless vs. leaf-bearing), and the VPD x SWC

interaction

term estimate SE Cligwer Clipper X2 df P min max
(Intercept) 0.033 0.001 0.031 0.036 0.054 0.054
vPD D 0.013 0.001 0.011 0.014 0.012 0.013
swc® 0.062 0.001 0.060 0.064 0.062 0.062
Sin(daytime) ® -0.002 0.001 -0.004 -0.001 20.850 2 0.007 -0.002 -0.002
Cos(daytime) -0.005 0.001 -0.007 -0.003 -0.005 -0.005
Radiation <0.001 <0.001 <0.001 <0.001 792.928 1 <0.001 0.031 0.031
Crown @ 0.039 0.002 0.035 0.043 357.410 1 <0.001 0.039 0.039
VPD x SWC 0.023 0.001 0.022 0.024 1772.652 1 <0.001 0.023 0.023

M Jog-transformed and then z-transformed to a mean of 0 and a standard deviation (sd) of 1;
orig. means (sd): natural log. of VPD: 1.727 (0.984) and natural log. of SWC: 2.559 (0.440)

@ the indicated test refers to the overall effect of daytime

©® dummy coded factor with levels: leafless (reference level) and leaf-bearing

-

Root sap flux (g mm™ 30min™)

Fig.5 Effects of SWC and VPD on root sap flux density (surface area)
in Eriotheca ruizii, for daytime and radiation intensity being at their
average (crown status dummy-coded and then centered, R’=0.19,
P<0.001). Dot volume depicts the number of samples per cell. Values
below the fitted model surface are depicted as open, values above the

threshold where root water uptake ceases in this silt- and
clay-rich soil. The sap flux measurements further dem-
onstrate that all monitored roots of the four species were
able to resume water absorption after a dormant period of
more than six months with the start of the next rainy season,

surface as filled dots (n=23529). Note that during the rainy season
(high SWC values; backside of the 3D plot), VPD had a clear posi-
tive effect on root sap flux, whereas during the dry season (low SWC
values; frontside of the 3D plot), VPD hardly affected root sap flux

which indicates that any drought-induced reduction in root
functioning (e.g. through drought-induced embolism in the
root xylem or lacunae formation in the root cortex; Cuneo
et al. 2021) was not permanent and that root water uptake
recovered rapidly with the onset of the rainy season. Thus,
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Table 4 Results of the root sap flux model for Amatocereus laetus. Given are estimates, their standard errors, 95% confidence intervals, and results
of significance tests for the factors VPD, SWC, time of day, and radiation intensity. Also given are minimum and maximum values of model esti-
mates obtained by the exclusion of individual sap flux measurements from the model, one at a time

term estimate SE Cliower CLpper F df P min max
(Intercept) -0.784 0.111 -0.813 -0.739
vpD -0.037 0.021 -0.078 0.004 3.835 1 0.077 -0.045 -0.032
swc® 0.399 0.033 0.334 0.465 140.132 1 <0.001 0.390 0.420
Sin(daytime) ® 0.005 0.021 -0.035 0.045 0.290 2 0.839 <0.001 0.009
Cos(daytime) 0.015 0.026 -0.036 0.066 0.009 0.023
Radiation <0.001 <0.001 <0.001 <0.001 6.912 1 <0.001 <0.001 <0.001

M Jog-transformed

@ the indicated test refers to the overall effect of daytime

Statistical significance of all predictors was tested using F-tests with denominator degrees of freedom of 963

© dry season
© rainy season 3

w

N

-

Root sap flux (g mm 3Omin'1)

1 2 4 8 16 10 20 40
VPD (hPa) SWC (%)

Fig. 6 Root sap flux density in Amatocereus laetus as a function of
VPD (left, R?=0.004, P=0.068) and SWC (right, R*=0.13, P<0.001).
Lines show the fitted model with all other predictors being at their
average (dotted lines: 95% confidence intervals) (n=974)

the absorbing roots of these TDF functional types must be
well adapted to severe soil desiccation, either through a high
drought resistance or by means of partial drought avoidance
(shedding of finest rootlets) and the capacity for rapid root
tip regrowth, or a combination of both.

A closer look on the root response to the onset of rainfall
from December 2022 onwards shows that the tall cactus was
able to respond nearly immediately (within roughly 6 h) to
the first small rainfall events in mid-December with signifi-
cant water uptake (peak sap flux densities>15 gmm 2d 1),
when a soil moisture increase was hardly measurable, and
long before the three deciduous tree species were respond-
ing. Correspondingly, in mid-January, when more continu-
ous rainfall started, 4. laetus reached already peak water
uptake rates of >50 g mm 2 d!, in stark contrast to the
three other species. In stem-succulent C. trischistandra
and semi-deciduous V. macracantha, significant root water
uptake started only after a delay of about eight weeks in
mid-February; in root-succulent E. ruizii, water uptake
resumed even later around February 20. These contrasts
are partly explained by different responses of the species’

@ Springer

leaf phenology to soil rewetting (Borchert 1994; Rivera and
Borchert 2001; Poorter and Markesteijn 2008; Lohbeck et
al. 2015; Butz et al. 2017).

Despite the observation of rapid water uptake recovery
with the first rains, the cactus 4. laetus showed across sea-
sons a fairly low soil moisture influence on water absorp-
tion, as demonstrated by the fact that the lowest J; rates
were recorded in the period with elevated soil moirsture
(March), while peak rates occurred in a fairly dry period
(January). Thus, the root sap flux pattern of the cactus can
be characterized as highly opportunistic, with water uptake
being closely tied to erratic rainfall events rather than SWC
differences between dry and wet seasons. Moreover, the
apparent decoupling of uptake from VPD in the mid-rainy
and early dry season suggests that changes in plant-internal
water potential gradients in the succulent organs are more
influential than atmospheric drivers of water flux. The rapid
root response to even light rain events during a long drought
fits to uptake patterns observed in the leaf-succulent Agave
deserti (Graham and Nobel 1999). This first amount of
water acquired will initially replenish the depleted water
storage in the succulent stem.

The high responsiveness of the root water uptake of
the cactus to small soil moisture peaks is most plausibly
explained by the existence of a shallow, but wide-spreading
root system in the topsoil, the capacity to rapidly grow new
rootlets after rewetting, and possibly the ability for hydraulic
recovery of embolized roots (Kirschner et al. 2021). Desert
succulents such as Ferocactus acanthodes and Opuntia and
Agave species are able to grow ephemeral rain roots from
lateral root buds within a few hours after a rainfall event
(Nobel and Sanderson 1984; Nobel 1988, 2002; Palta and
Nobel 1989; Snyman 2006; Kirschner et al. 2021). These
rain roots possess a higher hydraulic conductivity than the
established longer-living roots (Kirschner et al. 2021) and
can therefore rapidly take up water from even light rains of
only few mm. Thus, dryland succulents combine a number
of root morphological and physiological adaptations that
may offer them advantages over dry forest trees in terms of
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the exploitation of small and erratic rainfall events (Nobel
1988; Nobel and Huang 1992; Graham and Nobel 1999;
Snyman 2006).

In stark contrast to the cactus, the root-succulent tree E.
ruizii was unresponsive to small rainfall amounts at the end
of the dry season, but the species showed a clear increase in
uptake from the drier to the wetter periods. In addition, VPD
was an important driver of root water uptake in the mid-
rainy and the early dry season with wetter soil, a response
not observed in the cactus.

Among the three deciduous tree species, C. trischistan-
dra was the only one that flushed new foliage a few weeks
prior to the onset of the rainy season, likely enabled by the
considerable stem water reserves of this stem-succulent spe-
cies (Rivera and Borchert 2001; Rivera et al. 2002; Chapotin
et al. 2006). However, significant root water uptake started
only several weeks later with the first larger rainfall events,
suggesting that photosynthesis and transpiration were main-
tained in that period mostly through stored water (Chapotin
et al. 2006). With proceeding soil rewetting, C. trischistan-
dra then rapidly increased its root water uptake and reached
the highest sap flux densities of all four species, matching
the stem sap flux data of Butz et al. (2018) for this species
at our study site.

The semi-deciduous V. macracantha differed from the
other three species in its leaf phenology by never being
completely leafless and instead continuously exchanging
its leaves (Williams et al. 1997). Despite this behavior,
root water uptake was restricted to the rainy season in a
similar manner as in C. trischistandra and E. ruizii. This
Fabaceae species possesses a fairly large root system (pers.
observ.) and is thought to reach deep soil layers (Cordero et
al. 2016), which might well explain the species’ ability to
maintain its leaves for longer. The higher specific leaf area
(SLA) of C. trischistandra (154 cm*/g) and E. ruizii (131
cm?/g) compared to V. macracantha (72 cm?/g) further sug-
gests a longer leaf lifespan of the latter species.

The example of the deciduous tree E. ruizii and the cac-
tus 4. laetus demonstrates the complex interplay of photo-
synthetic pathway and related stomatal regulation, on the
one hand, and of climatic and edaphic drivers, on the other,
on the diurnal patterns of root water uptake. Consistent with
the typical physiological behavior of a C3 plant, E. ruizii
closes stomates during the night and thus restricts transpi-
ration and consequently root water uptake to the daylight
hours. Root sap flux was mainly driven by variation in both
SWC and VPD (and radiation which is linked to VPD), with
J; generally increasing with SWC. Beyond a certain SWC
threshold, root sap flux was mainly dependend on VPD: Js
increased with VPD at low saturation deficits, but declined
again when VPD exceeded about 10 hPa. Since rainfall often
occurred during the night at our site, stomatal conductance

and water uptake during the day were mainly controlled by
VPD and less so by the rewetted soil. Apparently, the cor-
responding VPD threshold level for transpiration and sap
flux varies with soil water content (e.g. Gao et al. 2022),
which may explain the interaction between atmospheric and
edaphic drivers of root sap flux found in our study.

Contrary to expectation, the cactus took up water dur-
ing the main part of the rainy season not only during the
night but also during daytime without a clear diurnal cycle.
Only in periods with high soil moisture, the species showed
the expected daytime drop in water uptake due to stomatal
closure. The maintenance of positive nocturnal sap flux in
the cactus, even during periods of high rainfall, is consistent
with CAM physiology, where nocturnal stomatal opening
supports CO, uptake while minimizing transpiration. In
fairly dry soil (during the pre-rainy and early dry season),
we measured even higher uptake rates over the day than in
the night, which resembles a C; species. In fact, in some
CAM plants, stomatal opening for CO, assimilation during
the daylight hours has been observed under well-watered
conditions (Hartstock and Nobel 1976; Nobel 1988), as for
example in Opuntia species (Hanscom and Ting 1978; Ace-
vedo et al. 1983). Yet, our data show this behavior for a
fairly dry, and not the wet season. This suggests that the
cactus opened its stomates during the day to built a transpi-
ration-driven root-to-plant soil water potential gradient that
enables root water uptake, though at the cost of transpira-
tion. Water uptake during daylight hours in the cactus as
in the morning during the mid-rainy season could also be
driven by plant-internal water redistribution between par-
enchymatic (water storing) and chlorenchymatic (photosyn-
thesizing) tissues, enabled through nocturnal potential drops
in the malate-producing chlorenchyma (Schulte and Nobel
1989; Holbrook 1995; Nobel and Loik 1999; Liittge 2008),
which may build a negative root-to-stem water potential
gradient in the cactus at the end of the night. Finally, the
very large hydraulic capacitance of the succulent stem will
largely decouple root water uptake and transpiration in A.
laetus, with transpirational water loss easily replenished
from internal storage without the need for root water uptake.
These mechanisms can plausibly explain water uptake over
the full day and night in cacti (Holbrook1995).

On certain occasions, the sap flow sensors recorded
reverse flow in the roots of both E. ruizii and A. laetus.
While the flow densities were usually small and may thus
partly be attributable to measuring inaccuracies, it is pos-
sible that the sap indeed moved temporarily in direction of
the root tips, when the water potential gradient reversed dur-
ing extreme soil desiccation. Further studies have to show
whether reverse flow is in fact leading to water losses from
the roots, given the specific adaptations that succulent desert
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plants may possess to prevent water flow from roots to the
soil.

Conclusion

Our 17 month-measuring campaign is to our knowledge
the first study in a tropical dry forest that has monitored the
activity of root segments close to the absorbing 1st-order fine
roots in situ. The study revealed contrasting water uptake
patterns in four TDF plant life forms differing in phenology,
hydraulic capacitance, rooting patterns, and photosynthetic
pathway. While the deciduous trees exhibited seasonally
varying uptake patterns and root sap flux constrained to
periods of higher soil water availability and leaf presence,
demonstrating their specific drought-avoidance strategy,
the tall cactus A. laetus with CAM metabolism displayed
a highly opportunistic water uptake pattern, with rapid root
sap flux increases after isolated rainfall events even during
the dry season and no signs of a drought-induced impair-
ment of root system functionality. Moreover, the expected
primarily nocturnal root water uptake was observed in the
cactus only during the mid-rainy season but not in periods
with drier soil. The direct comparison of the deciduous root-
succulent tree E. ruizii and the stem-succulent cactus A. lae-
tus demonstrates that the cactus is clearly superior in its root
water uptake capacity not only in periods with low or erratic
rainfall, but also during the wet season, because its roots are
active also during the night, thereby more than doubling the
amounts of water absorbed in comparison to E. ruizii.

Future studies should focus on the vitality, growth and
mortality of the fine roots (<2 mm in diameter) of TDF
plants during and after the dry season, which is notoriously
difficult to achieve in the desiccated and compacted soil.
Yet, deepening our understanding of fine root system func-
tioning in TDFs is indispensable for modelling the water
fluxes in these systems and for better predicting how vegeta-
tion structure and composition might change with advanc-
ing climate warming and drying.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00468-0
26-02784-5.

Acknowledgements The authors would like to express their grati-
tude to the DFG research unit Respect (FOR 2730: Projects Ho3296-
6, Le762-17), to Nature and Culture International (NCI), and to the
Ministerio del Ambiente, Agua y Transicion Ecologica (permit No.
MAAE-ARSFC-2021-1676) for supporting and enabling this study.

Author contributions CL and JH conceived the study idea and de-
veloped the study. CL, JH and LW installed the sensors in the field.
Sensor construction and calibration, data collection and analysis were
performed by LW, HC, RM, JG, DW, KT, SS and JB. The first draft
of the manuscript was written by LW and CL; all authors commented

@ Springer

on the subsequent versions of the manuscript. All authors read and ap-
proved the final manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. This study was funded by the German Research Foundation
(DFG; grant number FOR 2730: Projects Ho3296-6, Le762-17).

Data availability The datasets generated and/or analysed during
the current study are available in the RESPECT projects’ database
“FOR816 data warehouse (FOR816dw)”, https://vhrz669.hrz.uni-ma
rburg.de/tmf respect/data_pre.do?cmd=showall, under the dataset ID
2064.

Declarations

Confict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Acevedo E, Badilla I, Nobel PS (1983) Water Relations, Riurnal Acid-
ity Changes, and Productivity of a Cultivated Cactus, Opuntia
ficus-indica. Plant Physiol 72:775-780. https://doi.org/10.1104/p
p.72.3.775

Aguirre Z, Linares-Palomino R, Kvist LP (2006) Especies lefiosas y
formaciones vegetales en los bosques estacionalmente secos de
Ecuador y Pert. Arnaldoa: revista del Herbario HAO 13:324-346

Alvarado MV, Terrazas T (2023) Tree species differ in plant economic
spectrum traits in the tropical dry forest of Mexico. PLoS ONE
18(11):0293430. https://doi.org/10.1371/journal.pone.0293430

Andrade JL, Meinzer FC, Goldstein G, Schnitzer SA (2005) Water
uptake and transport in lianas and co-occurring trees of a seasonal
dry tropical forest. Trees 19:282-289. https://doi.org/10.1007/s0
0468-004-0388-x

Bastin JF, Berrahmouni N, Grainger A, Maniatis D, Mollicone D,
Moore R, Patriarca C, Picard N, Sparrow B, Abraham EM, Aloui
K, Atesoglu A, Attorre F, Bassiillii C, Bey A, Garzuglia M, Gar-
cia-Montero LG, Groot N, Guerin G, Laestadius L, Lowe AlJ,
Mamane B, Marchi G, Patterson P, Rezende M, Ricci S, Salcedo
I, Diaz ASP, Stolle F, Surappaeva V, Castro R (2017) The extent
of forest in dryland biomes. Science 356:635—638. https://doi.org
/10.1126/science.aam6527

Bobich EG, North GB (2009) Structural Implications Of Succulence:
Architecture, Anatomy, and Mechanisms of Photosynthetic Stem
Succulents, Pachycauls, and Leaf Succulents. In: De la Barrera E,
Smith WK (eds) Perspectives in Biophysical Plant Ecophysiol-
ogy. Universidad Nacional Autonoma de México, pp 3—37


https://doi.org/10.1007/s00468-026-02784-5
https://doi.org/10.1007/s00468-026-02784-5
https://vhrz669.hrz.uni-marburg.de/tmf_respect/data_pre.do?cmd=showall
https://vhrz669.hrz.uni-marburg.de/tmf_respect/data_pre.do?cmd=showall
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1104/pp.72.3.775
https://doi.org/10.1104/pp.72.3.775
https://doi.org/10.1371/journal.pone.0293430
https://doi.org/10.1007/s00468-004-0388-x
https://doi.org/10.1007/s00468-004-0388-x
https://doi.org/10.1126/science.aam6527
https://doi.org/10.1126/science.aam6527

Trees (2026) 40:83

Page 150f 17 83

Borchert R (1994) Soil and Stem Water Storage Determine Phenol-
ogy and Distribution of Tropical Dry Forest Trees. Ecology
75(5):1437-1449. https://doi.org/10.2307/1937467

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW,
Nielsen A, Skaug HJ, Maechler M, Bolker B (2017) glmmTMB
balances speed and flexibility among packages for zero-inflated
generalized linear mixed models. The R Journal 9:378—400.
https://digitalcommons.unl.edu/r-journal/675

Butz P, Holscher D, Cueva E, Graefe S (2018) Tree Water Use Patterns
as Influenced by Phenology in a Dry Forest of Southern Ecuador.
Front Plant Sci 9:945. https://doi.org/10.3389/{pls.2018.00945

Butz P, Raffelsbauer V, Graefe S, Peters T, Cueva E, Holscher D,
Briuning A (2017) Tree responses to moisture fluctuations in a
neotropical dry forest as potential climate change indicators. Ecol
Indic 83:559-571. https://doi.org/10.1016/j.ecolind.2016.11.021

Chadwick R, Good P, Martin G, Rowell DP (2015) Large rainfall
changes consistently projected over substantial areas of tropical
land. Nat Clim Change 6:177-181. https://doi.org/10.1038/nclim
ate2805

Chapotin SM, Razanameharizaka JH, Holbrook NM (2006) Baobab
trees (Adansonia) in Madagaskar use stored water to flush new
leaves but not to support stomatal opening before the rainy sea-
son. New Phytol 169:549-559. https://doi.org/10.1111/j.1469-81
37.2005.01618.x

Chaturvedi RK, Tripathi A, Raghubanshi AS, Singh JS (2021) Func-
tional traits indicate a continuum of tree drought strategies across
a soil water availability gradient in a tropical dry forest. For Ecol
Manage 482:118740. https://doi.org/10.1016/j.foreco.2020.1187
40

Clearwater MJ, Luo Z, Mazzeo M, Dichio B (2009) An exter-
nal heat pulse method for measurement of sap flow through
fruit pedicels, leaf petioles and other small-diameter stems.
Plant Cell Environ 32:1652-1663. https://doi.org/10.1111/j.
1365-3040.2009.02026.x

Cordero I, Ruiz-Diez B, de la Coba T, Balaguer L, Lucas MM, Rincon
A, Pueyo JJ (2016) Rhizobial diversity, symbiotic effectiveness
and structure of nodules of Vachellia macracantha. Soil Biol Bio-
chem 96:39-54. https://doi.org/10.1016/j.s0ilbi0.2016.01.011

Cuneo IF, Barrios-Masias F, Knipfer T, Uretsky J, Reyes C, Lenain
P, Brodersen CR, Walker MA, McElrone AJ (2021) Differences
in grapevine rootstock sensitivity and recovery drom drought are
linked to fine root cortical lacunae and root tip function. New
Phytol 229(1):272-283. https://doi.org/10.1111/nph.16542

da Silva Brito NDS, Medeiros MJS, de Souza ES, de Lima ALA
(2022) Drought response strategies for deciduous species in the
semiarid Caatinga derived from the interdependence of anatomi-
cal, phenological and bio-hydraulic attributes. Flora 288:1520009.
https://doi.org/10.1016/j.flora.2022.152009

de Souza BC, Dantas Carvalho EC, Oliveira RS, Soares de Araujo F,
Alves de Lima AL, Nogueira Rodal MJ (2020) Drought response
strategies of deciduous and evergreen woody species in a season-
ally dry neotropical forest. Oecologia 194:221-236. https://doi.or
2/10.1007/s00442-020-04760-3

DRYFLOR (2016) Plant diversity patterns in neotropical dry forests
and their conservation implications. Science 353(6306):1383—
1387. https://doi.org/10.1126/science.aaf5080

Eamus D (1999) Ecophysiological traits of deciduous and evergreen
woody species in the seasonally dry tropics. Trends Ecol Evol
14(1):1116. https://doi.org/10.1016/S0169-5347(98)01532-8

Ellenberg H (1981) Ursachen des Vorkommens und Fehlens von Suk-
kulenten in den Trockengebieten der Erde. Flora 171(2):114-169.
https://doi.org/10.1016/S0367-2530(17)31261-6

Escribano-Avila G, Cervera L, Ordoiez-Delgado L, Jara-Guerrero A,
Amador L, Paladines B, Bricefio J, Parés-Jiménez V, Lizcano DJ,
Duncan DH, Espinosa CI (2017) Biodiversity patterns and eco-
logical processes in Neotropical dry forests: the need to connect

research and management for long-term conservation. Neotrop
Biodivers 3(1):107-116. https://doi.org/10.1080/23766808.2017
1298495

Espinosa CI, De La Cruz M, Luzuriaga L, Escudero A (2012) Bosques
tropicales secos de la region pacifico ecuatorial: diversidad,
estructura, funcionamiento e implicaciones para la conservacion.
Ecosistemas 21:167—-179. https://www.revistaecosistemas.net/ind
ex.php/ecosistemas/article/view/35

Estrada-Medina H, Santiago LS, Graham RC, Allen MF, Jiménez-
Osornio JJ (2013) Source water, phenology and growth of two
tropical dry forest tree species growing on shallow karst soils.
Trees 27:1297-1307. https://doi.org/10.1007/s00468-013-0878-9

Fang Z, Zhang W, Brandt M, Abdi AM, Fensholt R (2022) Glob-
ally Increasing Atmospheric Aridity Over the 21st Century.
Earth’s  Future 10. https://doi.org/10.1029/2022EF003019.
€2022EF003019

Feng X, Porporato A, Rodriguez-Iturbe 1 (2013) Changes in rainfall
seasonality in the tropics. Nat Clim Change 3:811-815. https://do
i.org/10.1038/nclimate1907

Field A (2005) Discovering Statistics using SPSS. Sage, London

Gao D, Wang S, Li Z, Wei F, Chen P, Song S, Wang Y, Wang L, Fu
B (2022) Threshold of vapour-pressure deficit constraint on
light use efficiency varied with soil water content. Ecohydrol
15(5):€2305. https://doi.org/10.1002/ec0.2305

Giraldo JP, Holbrook NM (2011) Physiological mechanisms underly-
ing the seasonality of leaf senescence and renewal in seasonally
dry tropical forest trees. In: Dirzo R, Young HS, Mooney HA,
Ceballos G (eds) Seasonally dry tropical forests ecology and con-
servation. Island, Washington, DC, pp 129-140. https://doi.org/1
0.5822/978-1-61091-021-7_8

Graham EA, Nobel PS (1999) Root Water Uptake, Leaf Water Storage
and Gas Exchange of a Desert Succulent: Implications for Root
System Redundancy. Ann Bot 84:213-223. https://doi.org/10.10
06/anbo.1999.0911

Hanscom Z, Ting IP (1978) Irrigation Magnifies CAM-Photosynthesis
in Opuntia basilaris (Cactaceae). Oecologia 33:1-15. https://doi.
org/10.1007/BF00376993

Hartstock TL, Nobel PS (1976) Watering converts a CAM plant to
daytime CO, uptake. Nature 262:574-576. https://doi.org/10.10
38/262574b0

Hasselquist NJ, Allen MF, Santiago LS (2010) Water relations of ever-
green and drought-deciduous trees along a seasonally dry tropical
forest chronosequence. Oecologia 164:881-890. https://doi.org/1
0.1007/s00442-010-1725-y

Holbrook NM, Whitbeck JI, Mooney HA (1995) Drought responses of
neotropical dry forest trees. In: Bullock SH, Mooney HA, Medina
E (eds) Seasonally dry tropical forests. Cambridge University
Press, Cambridge, UK, pp 243-276. https://doi.org/10.1017/CB
09780511753398.010

Hultine KR, Hernandez-Hernandez T, Williams DG, Albeke SE, Tran
N, Puente R, Larios E (2023) Global change impacts on cacti
(Cactaceae): current threats, challenges and conservation solu-
tions. Ann Bot 132(4):671-683. https://doi.org/10.1093/aob/mc
ad040

Jaeger B (2025) r2glmm: Computes R Squared for Mixed (Multilevel)
Models. https://doi.org/10.32614/CRAN.package.r2glmm

Jaeger BC, Edwards LJ, Das K, Sen PK (2016) An R2 statistic for
fixed effects in the generalized linear mixed model. J Appl Stat
44:1086-1105. https://doi.org/10.1080/02664763.2016.1193725

Kirschner GK, Xiao TT, Blilou I (2021) Rooting in the Desert: A
Developmental Overview on Desert Plants. Genes 12(5):709.
https://doi.org/10.3390/genes 12050709

Kluge M, Ting IP (1978) Crassulacean acid metabolism. Analysis of
an ecological adaption. Springer-, Berlin, New York

Lohbeck M, Lebrija-Trejos E, Martinez-Ramos M, Meave JA, Poorter
L, Bongers F (2015) Functional Trait Strategies of Trees in Dry

@ Springer


https://doi.org/10.2307/1937467
https://digitalcommons.unl.edu/r-journal/675
https://doi.org/10.3389/fpls.2018.00945
https://doi.org/10.1016/j.ecolind.2016.11.021
https://doi.org/10.1038/nclimate2805
https://doi.org/10.1038/nclimate2805
https://doi.org/10.1111/j.1469-8137.2005.01618.x
https://doi.org/10.1111/j.1469-8137.2005.01618.x
https://doi.org/10.1016/j.foreco.2020.118740
https://doi.org/10.1016/j.foreco.2020.118740
https://doi.org/10.1111/j.1365-3040.2009.02026.x
https://doi.org/10.1111/j.1365-3040.2009.02026.x
https://doi.org/10.1016/j.soilbio.2016.01.011
https://doi.org/10.1111/nph.16542
https://doi.org/10.1016/j.flora.2022.152009
https://doi.org/10.1007/s00442-020-04760-3
https://doi.org/10.1007/s00442-020-04760-3
https://doi.org/10.1126/science.aaf5080
https://doi.org/10.1016/S0169-5347(98)01532-8
https://doi.org/10.1016/S0367-2530(17)31261-6
https://doi.org/10.1080/23766808.2017.1298495
https://doi.org/10.1080/23766808.2017.1298495
https://www.revistaecosistemas.net/index.php/ecosistemas/article/view/35
https://www.revistaecosistemas.net/index.php/ecosistemas/article/view/35
https://doi.org/10.1007/s00468-013-0878-9
https://doi.org/10.1029/2022EF003019
https://doi.org/10.1038/nclimate1907
https://doi.org/10.1038/nclimate1907
https://doi.org/10.1002/eco.2305
https://doi.org/10.5822/978-1-61091-021-7_8
https://doi.org/10.5822/978-1-61091-021-7_8
https://doi.org/10.1006/anbo.1999.0911
https://doi.org/10.1006/anbo.1999.0911
https://doi.org/10.1007/BF00376993
https://doi.org/10.1007/BF00376993
https://doi.org/10.1038/262574b0
https://doi.org/10.1038/262574b0
https://doi.org/10.1007/s00442-010-1725-y
https://doi.org/10.1007/s00442-010-1725-y
https://doi.org/10.1017/CBO9780511753398.010
https://doi.org/10.1017/CBO9780511753398.010
https://doi.org/10.1093/aob/mcad040
https://doi.org/10.1093/aob/mcad040
https://doi.org/10.32614/CRAN.package.r2glmm
https://doi.org/10.1080/02664763.2016.1193725
https://doi.org/10.3390/genes12050709

83 Page 16 of 17

Trees (2026) 40:83

and Wet Tropical Forests Are Similar but Differ in Their Conse-
quences for Succession. PLoS ONE 10(4):¢0123741. https://doi.
org/10.1371/journal.pone.0123741

Liittge U (2008) Physiological Ecology of Tropical Plants, Second
edn. Springer, Berlin, Heidelberg

Maas M, Burgos A (2011) Water Dynamics at the Ecosystem Level in
Seasonally Dry Tropical Forests. In: Dirzo R, Young HS, Mooney
HA, Ceballos G (eds) Seasonally Dry Tropical Forests. Island,
Washington, DC, pp 141-156. https://doi.org/10.5822/978-1-61
091-021-7_9

Malhi'Y, Aragdo LE, Galbraith D, Huntingford C, Fisher R, Zelazowski
P, Sitch S, McSweeney C, Meir P (2009) Exploring the likelihood
and mechanism of a climate-change-induced dieback of the Ama-
zon rainforest. Proc Natl Acad Sci U S A 106(49):20610-20615.
https://doi.org/10.1073/pnas.0804619106

Markesteijn L, Iraipi J, Bongers F, Poorter L (2010) Seasonal variation
in soil and plant water potentials in a Bolivian tropical moist and
dry forest. J Trop Ecol 26(5):497-508. https://doi.org/10.1017/S
0266467410000271

Marshall DC (1958) Measurement of sap flow in conifers by heat
transport. Plant Physiol 33:385-396. https://doi.org/10.1104/pp.
33.6.385

McCormack ML, Dickie IA, Eissenstat DM, Fahey TJ, Fernandez
CW, Guo D, Helmisaari HS, Hobbie EA, Iversen CM, Jackson
RB, Leppadlammi-Kujansuu J, Norby RJ, Philips RP, Pregitzer
KS, Pritchard SG, Rewald B, Zadworny M (2015) Redefining
fine roots improves understanding of below-ground contributions
to terrestrial biosphere processes. New Phytol 207(3):505-518.
https://doi.org/10.1111/nph.13363

Medeiros M, de Lima ALA, Silva JRI, de Jesus ALN, Wright CL, de
Souza ES, Santos MG (2025) Seasonal shifts in tree water use and
non-structural carbohydrate storage in a tropical dry forest. Plant
Cell Environ 48:4518-4532. https://doi.org/10.1111/pce.15449Di
gital Object Identifier (DOI)

Medina E (1995) Diversity of life forms of higher plants in neotropical
dry forests. In: Bullock SH, Mooney HA, Medina E (eds) Season-
ally dry tropical forests. Cambridge University Press, Cambridge,
UK, pp 221-242. https://doi.org/10.1017/CB0O9780511753398.0
09

Meinzer FC, Andrade JL, Goldstein G, Holbrook NM, Cavelier J,
Wright SJ (1999) Partitioning of soil water among canopy trees
in a seasonally dry tropical forest. Oecologia 121:293-301. https
://doi.org/10.1007/s004420050931

Miles L, Newton AC, DeFries RS, Ravilious C, May I, Blyth S, Kapos
V, Gordon JE (2006) A global overview of the conservation status
of tropical dry forests. J Biogeogr 33:491-505. https://doi.org/10
1111/5.1365-2699.2005.01424.x

Mooney HA, Bullock SH, Medina E (1995) Introduction. In: Bullock
SH, Mooney HA, Medina E (eds) Seasonally dry tropical forests.
Cambridge University Press, Cambridge, UK, pp 1-8. https://doi
.org/10.1017/CB0O9780511753398.001

Murphy PG, Lugo AE (1986) Ecology of Tropical Dry Forest. Ann
Rev Ecol Syst 17:67-88. http://www.jstor.org/stable/2096989

Nobel PS (1988) Environmental Biology of Agaves and Cacti. Cam-
bridge University Press, New York

Nobel PS (2002) Ecophysiology of roots of desert plants, with spe-
cial emphasis on agaves and cacti. In: Waisel Y, Eshel A, Kafkafi
U (eds) Plant Roots: The Hidden Half, 3rd edn. Marcel Dekker,
New York, pp 961-973

Nobel PS, Huang B (1992) Hydraulic and Structural Changes for Lat-
eral Roots of Two Desert Succulents in Response to Soil Drying
and Rewetting. Int J Plant Sci 153(3):163—-170. https://doi.org/1
0.1086/297073

Nobel PS, Loik ME (1999) Form and function of cacti. In: Robichaux
RH (ed) Ecology of Sonoran Desert Plants and Plant Communi-
ties. University of Arizona, Tuscon, pp 143-163

@ Springer

Nobel PS, Sanderson J (1984) Recifier-like Activities of Roots of Two
Desert Succulents. J Exp Bot 35(154):727-737. https://doi.org/1
0.1093/jxb/35.5.727

Olivares E, Medina E (1992) Water and Nutrient Relations of Woody
Perennials from Tropical Dry Forests. J Veg Sci 3:383-392.
https://doi.org/10.2307/3235764

Palta JA, Nobel PS (1989) Influences of Water Status, Temperature,
and Root Age on Daily Patterns of Root Respiration for Two Cac-
tus Species. Ann Bot 63:651-662. https://doi.org/10.1093/oxford
journals.aob.a087794

Paz H, Pineda-Garcia F, Pinzon-Pérez LF (2015) Root Depth and mor-
phology in response to soil drought: comparing ecological groups
along the secondary succession in a tropical dry forest. Oecologia
179:551-561. https://doi.org/10.1007/s00442-015-3359-6

Poorter L, Markesteijn L (2008) Seedling Traits Determine Drought
Tolerance of Tropical Tree Species. Biotropica 40(3):321-331.
https://doi.org/10.1111/1.1744-7429.2007.00380.x

Pucha-Cofrep D, Peters T, Brauning A (2015) Wet season precipitation
during the past century reconstructed from tree-rings of a tropical
dry forest in Southern Ecuador. Global Planet Change 133:65-78.
https://doi.org/10.1016/j.gloplacha.2015.08.003

R Development Core Team (2023) R: A Language and Environment
for Statistical Computing. R Foundation for Statistical Comput-
ing, Vienna, Austria

Rivera G, Borchert R (2001) Induction of flowering in tropical trees by
a 30-min reduction in photoperiod: evidence from field observa-
tions and herbarium specimens. Tree Physiol 21:201-212. https:/
/doi.org/10.1093/treephys/21.4.201

Rivera G, Elliott S, Caldas LS, Nicolossi G, Coradin VTR, Borchert R
(2002) Increasing day-length induces spring flushing of tropical
dry forest trees in the absence of rain. Trees 16:445-456. https://
doi.org/10.1007/s00468-002-0185-3

Rodriguez-Alonso G, Matvienko M, Lopez-Valle M, Lazaro-Mixteco
P, Napsucialy-Mendivil S, Dubrovsky JG, Shiskova S (2018)
Transcriptomics insights into the genetic regulation of root api-
cal meristem exhaustion and determinate primary root growth in
Pachycereus pringlei (Cactaceae). Sci Rep 8:8529. https://doi.org
/10.1038/s41598-018-26897-1

Scholz FG, Bucci SJ, Goldstein G, Meinzer FC, Franco AC (2002)
Hydraulic redistribution of soil water by neotropical savanna
trees. Tree Physiol 22:603—612. https://doi.org/10.1093/treephy
$/22.9.603

Schulte PJ, Nobel PS (1989) Responses of a CAM Plant to Drought
and Rainfall: Capacitance and Osmotic Pressure Influences on
Water Movement. J Exp Bot 40(120):61-70. https://www.jstor.
org/stable/23692187

Shiskova S, Las Peflas ML, Napsucial-Mendivil S, Matvienko M,
Kozik A, Montiel J, Patifio A, Dubrovsky JG (2013) Determi-
nate primary root growth as an adaption to aridity in Cactaceae:
towards an understanding of the evolution and genetic control of
the trait. Ann Bot 112:239-252. https://doi.org/10.1093/aob/mc
t100

Skelton RP, West AG, Dawson TE, Leonard JM (2013) External
heat-pulse method allows comparative sapflow measurements
in diverse functional types in a Mediterranean-type shrubland in
South Africa. Funct Plant Ecol 40(10):1076-1087. https://doi.or
2/10.1071/FP12379

Snyman HA (2006) A greenhouse study on root dynamics of cac-
tus pears, Opuntia ficus-indica and O. robusta. J Arid Environ
65:529-542. https://doi.org/10.1016/j.jaridenv.2005.10.004

Sobrado MA (1986) Aspects of tissue water relations and seasonal
changes of leaf water potential components of evergreen and
deciduous species coexisting in tropical dry forests. Oecologia
68:413-416. https://doi.org/10.1007/BF01036748


https://doi.org/10.1371/journal.pone.0123741
https://doi.org/10.1371/journal.pone.0123741
https://doi.org/10.5822/978-1-61091-021-7_9
https://doi.org/10.5822/978-1-61091-021-7_9
https://doi.org/10.1073/pnas.0804619106
https://doi.org/10.1017/S0266467410000271
https://doi.org/10.1017/S0266467410000271
https://doi.org/10.1104/pp.33.6.385
https://doi.org/10.1104/pp.33.6.385
https://doi.org/10.1111/nph.13363
https://doi.org/10.1111/pce.15449
https://doi.org/10.1017/CBO9780511753398.009
https://doi.org/10.1017/CBO9780511753398.009
https://doi.org/10.1007/s004420050931
https://doi.org/10.1007/s004420050931
https://doi.org/10.1111/j.1365-2699.2005.01424.x
https://doi.org/10.1111/j.1365-2699.2005.01424.x
https://doi.org/10.1017/CBO9780511753398.001
https://doi.org/10.1017/CBO9780511753398.001
http://www.jstor.org/stable/2096989
https://doi.org/10.1086/297073
https://doi.org/10.1086/297073
https://doi.org/10.1093/jxb/35.5.727
https://doi.org/10.1093/jxb/35.5.727
https://doi.org/10.2307/3235764
https://doi.org/10.1093/oxfordjournals.aob.a087794
https://doi.org/10.1093/oxfordjournals.aob.a087794
https://doi.org/10.1007/s00442-015-3359-6
https://doi.org/10.1111/j.1744-7429.2007.00380.x
https://doi.org/10.1016/j.gloplacha.2015.08.003
https://doi.org/10.1093/treephys/21.4.201
https://doi.org/10.1093/treephys/21.4.201
https://doi.org/10.1007/s00468-002-0185-3
https://doi.org/10.1007/s00468-002-0185-3
https://doi.org/10.1038/s41598-018-26897-1
https://doi.org/10.1038/s41598-018-26897-1
https://doi.org/10.1093/treephys/22.9.603
https://doi.org/10.1093/treephys/22.9.603
https://www.jstor.org/stable/23692187
https://www.jstor.org/stable/23692187
https://doi.org/10.1093/aob/mct100
https://doi.org/10.1093/aob/mct100
https://doi.org/10.1071/FP12379
https://doi.org/10.1071/FP12379
https://doi.org/10.1016/j.jaridenv.2005.10.004
https://doi.org/10.1007/BF01036748

Trees (2026) 40:83

Page 17 0of 17 83

Sobrado MA, Cuenca G (1979) Aspectos Del Uso De Agua De Espe-
cies Deciduas Y Siempreverdes En Un Bosque Seco Tropical De
Venezuela. Acta Cient Venez 30:302-308

Spannl S, Volland F, Pucha D, Peters T, Cueva E, Brauning E (2016)
Climate variability, tree increment patterns and ENSO-related
carbon sequestration reduction of the tropical dry forest species
Loxopterygium huasango of Southern Ecuador. Trees 30:1245—
1258. https://doi.org/10.1007/s00468-016-1362-0

Stolwijk AM, Straatman H, Zielhuis (1999) Studying seasonality by
using sine and cosine functions in regression analysis. J Epide-
miol Community Health 53(4):235-238. https://doi.org/10.1136
/jech.53.4.235

Tetens O (1930) Uber einige meteorologische Begriffe. Z Geophys
6:297-309

Avila-Lovera E, Ezcurra E (2016) Stem-Succulent Trees from the
Old and New World Tropics. In: Goldstein G, Santiago LS (eds)
Tropical Tree Physiology. Adaptions and Responses in a Chang-
ing Environment. Springer International Publishing, pp 45-65.
https://doi.org/10.1007/978-3-319-27422-5 3

Volland-Voigt F, Brauning A, Ganzhi O, Peters T, Maza H (2011)
Radial stem variations of Tabebuia chrysantha (Bigoniaceae) in
different tropical forest ecosystems of southern Ecuador. Trees
25:39-48. https://doi.org/10.1007/s00468-010-0461-6

Werner FA, Homeier J (2024) Diverging Elevational Patterns of Tree
vs. Epiphyte Species Density, Beta Diversity, and Biomass in a
Tropical Dry Forest. Plants 12:2555. https://doi.org/10.3390/pla
nts13182555

Williams RJ, Myers BA, Muller W], Duff GA, Eamus D (1997) Leaf
phenology of woody species in a north australian tropical savanna.
Ecology 78(8):2542—2558. https://doi.org/10.2307/2265913

Wolfe BT, Sperry JS, Kursar TA (2016) Does leaf shedding protect
stems from cavitation during seasonal droughts? A test of the
hydraulic fuse hypothesis. New Phytol 212(4):1007—1018. https:/
/doi.org/10.1111/nph.14087

Wright CL, de Lima ALA, Souza ES, West JB, Wilcox BP (2021)
Plant functional types broadly describe water use strategies in the
Caatinga, a seasonally dry tropical forest in northeast Brazil. Ecol
Evol 11:11808-11825. https://doi.org/10.1002/ece3.7949

Wright CL, West JB, de Lima ALA, Souza ES, Medeiros M, Wilcox
BP (2024) Contrasting water-use strategies revealed by species-
specific transpiration dynamics in the Caatinga dry forest. Tree
Physiol 44:137. https://doi.org/10.1093/treephys/tpad137

Wu J, Serbin SP, Ely KS, Wolfe BT, Dickman LT, Grossiord C, Micha-
letz ST, Collins AD, Detto M, McDowell NG, Wright SJ, Rog-
ers A (2019) The response of stomatal conductance to seasonal
drought in tropical forests. Global Change Biol 26(2):823-839.
https://doi.org/10.1111/gcb.14820

Wurz A, Bendix J, Homeier J, Matt F, Paladines P, Serrano F, Farwig
N (2023) A hidden gem in the Tumbesian dry forest in southern
Ecuador: Estacion Cientifica Laipuna. Ecotropica 25:202301.
https://doi.org/10.30427/ecotrop202301

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s00468-016-1362-0
https://doi.org/10.1136/jech.53.4.235
https://doi.org/10.1136/jech.53.4.235
https://doi.org/10.1007/978-3-319-27422-5_3
https://doi.org/10.1007/s00468-010-0461-6
https://doi.org/10.3390/plants13182555
https://doi.org/10.3390/plants13182555
https://doi.org/10.2307/2265913
https://doi.org/10.1111/nph.14087
https://doi.org/10.1111/nph.14087
https://doi.org/10.1002/ece3.7949
https://doi.org/10.1093/treephys/tpad137
https://doi.org/10.1111/gcb.14820
https://doi.org/10.30427/ecotrop202301

	﻿Contrasting diurnal and seasonal root water uptake patterns among different plant life forms in a neotropical dry forest
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study site and species selection
	﻿Recording of climatic variables and soil moisture
	﻿Measurement of root water uptake
	﻿The physical background and sensor calibration
	﻿Anatomical analysis of the root vascular system
	﻿Data processing and statistical analyses

	﻿Results
	﻿Root water uptake in the wet and dry season
	﻿Diurnal patterns of root water uptake
	﻿Factors controlling root water uptake

	﻿Discussion
	﻿Conclusion
	﻿References


