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Abstract

This study addresses transpiration in a tropical evergreen mountain forest in the Ecuadorian
Andes from the leaf to the stand level, with emphasis on nocturnal plant-water relations. The
stand level: Evapotranspiration (ET) measured over 12 months with the Eddy-Covariance
(ECov) technique proved as the major share (79%) of water received from precipitation. Irre-
spective of the humid climate, the vegetation transpired day and night. On average, 15.3%
of the total daily ET were due to nocturnal transpiration. Short spells of drought increased
daily ET, mainly by enhanced nighttime transpiration. Following leaf transpiration rather
than air temperature and atmospheric water vapor deficit, ET showed its maximum already
in the morning hours. The tree level: Due to the humid climate, the total water consumption
of trees was generally low. Nevertheless, xylem sap flux measurements separated the
investigated tree species into a group showing relatively high and another one with low sap
flux rates. The leaf level: Transpiration rates of Tapirira guianensis, a member of the high-
flux-rate group, were more than twice those of Ocotea aciphylla, a representative of the
group showing low sap flux rates. Representatives of the Tapirira group operated at a rela-
tively high leaf water potential but with a considerable diurnal amplitude, while the leaves of
the Ocotea group showed low water potential and small diurnal fluctuations. Overall, the
Tapirira group performed anisohydrically and the Ocotea group isohydrically. Grouping of
the tree species by their water relations complied with the extents of the diurnal stem circum-
ference fluctuations. Nighttime transpiration and hydrological type: In contrast to the isohy-
drically performing trees of the Ocotea group, the anisohydric trees showed considerable
water vapour pressure deficit (VPD)-dependent nocturnal transpiration. Therefore, we con-
clude that nighttime ET at the forest level is mainly sourced by the tree species with aniso-
hydric performance.
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Introduction

Nocturnal transpiration of trees and other plant life forms in various ecosystems has become
an important research subject. It can account for a substantial amount of 10-25% of total daily
water loss, and therefore needs to be considered in the hydrological balance of forest vegeta-
tion, especially in the tropics [1-6]. Previous studies have presented evidence for a multitude
of conducive functions of the intuitively adverse coincidence of water and carbon loss during
the night [7, 8]. Nighttime transpiration (NTT) can stimulate nocturnal xylem sap flux (SFn),
thus helping to refill the tree’s stem water capacitance [9, 10] and to remove possible embo-
lisms that had occurred during strong daytime transpiration [11-15]. SFn can fuel leaf cell
expansion [7], transport inorganic nutrients to shoot tissues [8, 16, 17], and carry oxygen [18]
for maintenance of respiration and growth during the night. Finally, opening of the stomata
during the night prevents high internal CO, concentrations, which might inhibit leaf meta-
bolic activity and growth [19].

NTT corresponds to stomatal conductance, exceeding cuticular transpiration several-fold
[1]. Stomatal action is endogenously controlled in a circadian mode, but in addition, responds
to the water supply from the soil [3, 8, 9, 20]. Leaf age also appears to play an important role:
Young leaves transpire more than adult leaves [3]. Nocturnal sap flux is driven by the water-
potential gradient between the roots and the water-storing tissues that supplemented transpi-
ration during daytime. Therefore, SFn in addition responds to the amount of water lost during
the preceding light period. Besides transpiration and refilling of the trees’ water reservoirs,
water pumped by root pressure may also contribute to the sap flux in the xylem [21]. In sum-
mary, the contributions of the individual endogenous and exogenous drivers that supply and
regulate NTT and SFn may vary from day to day, from season to season [22-26], and from spe-
cies to species [2, 27], thus hampering generalization. In a study with wine grape varieties,
NTT has been brought into context with the hydricity concept [28], where anisohydricity cor-
responded with a statistically significant higher nocturnal transpiration and leaf conductance.

Nighttime stomatal conductance (g,,) and the rates of SFn as well as the nocturnal share of
the trees’ total daily water consumption are higher in tropical trees than in plants of other cli-
mate zones and vegetation types [3, 6]. However, most of the data from tropical trees originate
from regions with a pronounced dry season, and only a few studies compared NTT during dry
and wet seasons. A lower VPD during the wet season resulted in lower shares of NTT of the
total daily transpiration [29]. Generally, responses of g, to drought are highly variable, depend-
ing on the environmental conditions and the duration and severity of the stress. In Eucalyptus
saplings, an increase in VPD increased of g,,, while drying soil decreased g, [30]. Given the
mentioned high shares of NTT of tropical trees, the question arises of how NTT affects the
dynamics of the above-canopy atmospheric moisture budget.

Endeavors to upscale NTT from the tree to the stand level have been undertaken [31] using
lysimeters [32, 33], the ECov technique (e.g., [34, 35]), or modeling approaches [36-38]. Aver-
aging ECov measurements from 99 FLUXNET-2015 sites distributed globally over various
vegetation types revealed an average nocturnal share of 6.3% of total ET, while the mean of
nocturnal ET determined by 26 different climate models was 7.9% [38].

So far, ECov measurements have not been conducted in the evergreen mountain forests of
the tropical Andes. We are aware of one study that investigated daytime water relations of sev-
eral evergreen tree species of that region at the tree and leaf level, from which ET for the stand
level was extrapolated [39, 40]. A first attempt to directly measure ET in the Andean tropical
mountain rainforest was undertaken in 2015 by combining area-average measurements with a
laser scintillometer above the forest canopy with satellite data at a high spatial resolution [41].
ET maps were established for one day of a very humid (June) and one day of a less humid
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(November) month. Comparing atmospheric moisture above individual tree crowns revealed
considerable differences, suggesting the co-occurrence of trees with different transpiration
intensities. Due to the use of satellite data, ET could be determined only for the daylight
period. However, for a realistic picture of stand ET, the contribution of NTT to the ET budget
is required, which might be rather high in a mountain forest [29], especially during less humid
periods.

In this study, we examined the hypotheses that i) tree species with iso- and anisohydric-like
hydrology co-occur in the Ecuadorian tropical mountain forest, and ii) NTT plays a significant
role for the total ET budget of the forest. To characterize the water budget of the studied trees,
we considered different ecophysiological levels: gas exchange of the leaves, water consumption
of the trees, and ET of the study area, with a special emphasis on the partitioning between day-
and nighttime.

Location, material and methods
Study area

The study site is located in the tropical mountain rainforest of the Reserva Bioldgica San Fran-
cisco (RBSF, 3°5826%S, 79°432“W, 1970 m a.s.1.) on a north-facing slope in the Cordillera
Real in the Andes of South Ecuador (Fig 1). The forest on that slope belongs to the second hot-
test biodiversity hotspot worldwide [42-44], with up to more than 250 woody species per hect-
are [45]. It is classified as an evergreen lower montane forest [46] with tree heights up to 18 m.
The forest is dominated by species of the Lauraceae and Melastomataceae. The soil in this part
of the forest has been characterized as humic cambisol which is covered by a raw humus layer
of up to 35 cm thickness [47].

Mean annual temperature and precipitation during the study period 2015-2019 were
15.4°C and 2002 mm, respectively. The climate is per-humid (Fig 2) and rain-free months are
extremely rare exceptions. Precipitation is especially high from April to July, whereas less rain
is recorded mostly from September to December. Due to the frequent rainfalls, the soil is per-
manently wet, but the topsoil may transiently desiccate, losing up to 25% of its water content.

Research plot and tree species

The research plot consisted of a stretch of 100 m in length and up to 25 m in width, which is
fully overlaid by the footprint of the ECov measurements. The footprint has a radius of around
200 m with wind speeds ranging between 3-5 m/s, within which 90% of the cumulative carbon
and water signal occurs. Within the plot, two steel towers of 30 and 36 m in height were
mounted, each with three platforms at 11, 14, and 21 m, respectively. Towers were used for cli-
mate and ECov measurements above the canopy and gas exchange measurements of leaves. A
plain description of the trees is presented in Table 1. In addition to the measurements in the
crowns, the stems of these and additional trees were equipped with sap flux sensors (see
below).

Eddy covariance

ET was measured with the ECov technique [48, 49] installed on the eastern of the two towers
in a height level of ~25 m, which represents approximately 1.5 times the mean canopy height.
The ECov system consists of a 3D sonic anemometer and an open-path CO,/H,0 gas analyzer
(IRGASON, Campbell Scientific, USA). The tower is also equipped with additional meteoro-
logical sensors above the canopy to measure net radiation (NRO1, Hukseflux, The Nether-
lands), relative humidity, and air temperature (TA, Vaisala humidity and temperature probe
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Fig 1. Location of the study region in southern Ecuador (top right) and of the study area in the valley of the San
Francisco river (Reserva Bioldgica San Francisco, RBSF) with the research station Estacion Cientifica San Francisco
(ECSF) and the position of the core research area between two canopy towers. The Ministerio de Agricultura,
Ganaderia, Acuacultura y Pesca—Ecuador has kindly provided the SIGTIERRAS (Sistema Nacional de Informacion y
Gestion de Tierras Rurales e Infraestructura Tecnoldgica) orthophoto, which is the basis of the figure.

https://doi.org/10.1371/journal.pone.0282397.9001

HMP 155), as well as to derive the water vapor pressure deficit (VPD). The flux data were pro-
cessed following the Fluxnet standard procedure. For subsequent analysis records with precipi-
tation were discarded at the thirty-minute interval, as rain blurred the measurements.

Soil water measurements

Soil water content (SWC) in m®/m® was measured continuously in the mineral soil (below the
organic layer) in intervals of 5 min between the two towers in four depths at 5 cm, 15 cm, 30
cm, and 60 cm using a Hydra Probe II (Stevens Water Monitoring Systems, Inc., Portland,

USA).

Leaf transpiration

Leaf gas exchange and conductance for water vapor of mature intact leaves in the upper crown
were measured using a portable infrared gas analyzer (IRGA) photosynthesis system (L16400
XT, LI-COR Biosciences GmbH, Lincoln, USA) equipped with a 6 cm? clear bottom chamber
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Fig 2. Climate diagram of the Reserva Biologica San Francisco (RBSF) during the study period (2015-2019, 1950
ma.s.l).

https://doi.org/10.1371/journal.pone.0282397.9002

allowing measurements at largely ambient conditions of light intensity, air temperature, rela-
tive humidity, and CO, concentration (380-400 ppm). Flow rates were set to 500 umol s™".
Data were recorded every five minutes starting from around sunset (18:00) for the following
24 or up to 48 hours, during which the leaves remained in the chamber. Measurements were
taken on five more days (six replicates) between September 20, 2014, and December 3, 2015,
with different leaves of each investigated tree. These trees were also equipped with sap flux sen-
sors. The daily changing weather conditions (Figs 5, 7, and 8) prohibited an averaging of the
six daily courses of leaf transpiration. The examples presented in Figs 7 and 8 were selected by
the best match of the chamber conditions with the microclimate recorded by an external cli-
mate station (Campbell Sci. Inc., USA). The sensitivity (m) of nocturnal leaf conductance to
VPD was determined according to Oren et al. (1999) [50], using the equation g = gger—m x
InVPD / VPD,). VPD, = 1 kPa was contained in the data set of Tapirira (g represents leaf
conductance at VPD = 1 kPa). In the data set of Ocotea, nocturnal VPD of 1 kPa was not
reached and m was calculated with gg..r= g, ata VPD of 0.79 kPa.

Table 1. Characterization of the investigated trees: Height, diameter at breast height (DBH), projected crown area, specific leaf area (SLA), and leaf exposition.
SLA data from personal communication by Jiirgen Homeier (Dept. Resource Management, University of Applied Sciences and Arts (HAWK) Géttingen, Germany).

Tree species DBH [cm] Height [m] Projected crown area [m?] SLA [cm’g!] Leaf exposition
Tapirira guianensis (Anacardiaceae) 28.3 16 17.7 55.6 Sun crown
Ocotea aciphylla (Lauraceae) 21.0 15 11.8 47.257.4 Sun crown Shade crown
Beilschmiedia tovarensis (Lauraceae) 27.9 16 329 80.5 Sun crown
Vismia canavillesiana (Hypericaceae) 22.2 17 18.4 50.0 70.0 Sun crown Shade crown

https://doi.org/10.1371/journal.pone.0282397.t001
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Leaf water potential

Leaf water potential was measured using the Scholander Technique (Model M-1505D, MMM
Tech Support, Berlin, Germany) during September/October 2019. The measurements were
conducted using at least five leaves per tree species, each at predawn (4:30-5:30), noon (12:30-
13:30), and pre-dusk (17:00-18:00).

Stem circumference measurements

Circumferential change was measured with logging band dendrometers (LBDs) with a built-in
thermometer (DRL26, EMS Brno). Dendrometers were attached at breast height on the stems
and data were recorded every 30 minutes. In total, 29 Dendrometer were mounted at the study
site.

Sap flux measurements

The thermal heat dissipation method of Granier [51, 52] was used to monitor sap flux inde-
pendently or concomitantly with leaf transpiration. Sap flux sensors (Heinz Kauper GmbH,
Bayreuth, Germany) were installed at breast height (1.3 m) on the stems of up to three individ-
uals of each studied species. Three pairs of sensors were equidistantly inserted 2.8 cm deep
into the stem of the investigated trees. The protruding parts of the three sensors were shielded
with aluminum foil to protect the probes from damage and external temperature fluctuations.
From each pair of sensor probes, the upper one was heated by a constant power supply from a
transmission line. The difference in temperature between the two probes (AT) was recorded
continuously every minute and averaged over 10 minutes by a multiplexer connected with a
data logger (AM16/32B and CR800, both Campbell Scientific Ltd., Logan, UT, USA).

The sap flux density ] (g H,O cm™ sapwood min™) is related to AT by:Js=0.714 yt!
[51] and U = (AT(-AT)/ AT. AT is the value of AT, when sap flux is considered zero. Zero sap
flux was determined as the lowest nighttime value of ten diurnal sap flux cycles. For a rough
comparison of the daily water consumption of the trees, sap flux density, accumulated over 24
h, was multiplied by the hydroactive sapwood area (J; x sapwood area). Actively conducting
sapwood areas of the studied trees were deduced from a sapwood-versus-DBH relation deter-
mined with five to eight conspecifics of different diameters on the research plot. A dye (0.2%
aqueous solution of indigo carmin; Roth, Karlsruhe, Germany) was injected into the stems of
these trees through holes drilled with a 5-mm stem borer (Suunto, Vaanta, Finland). The trees
were injected at 1.3 m height in two positions in different directions. After 2 hours, core sam-
ples were collected from 2-3 cm above the dye injection points [53, 54]. The thickness of the
core samples colored by the dye was used to calculate the active sapwood area using the equa-
tion of concentric circles (TR?-mr?), where R and r are the radii of the entire stem and the
unstained inner part of the cross-section, respectively.

Timing of measurements

Because of logistical constraints in the mountain rainforest (temporary power failure, break-
down of internet connection, defaults of equipment, etc.), not all measurements could be con-
ducted during the same time periods (S1 Table). This concerns mainly the measurements of
leaf gas exchange. However, these data show performances of leaves under the anyhow contin-
uously changing weather conditions and are not specific for a particular season or year. Sap
flux records accompanied all measurements and thus can be used to link the measurements
performed at different times.
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Data analysis

Statistical analyses were performed using OriginPro 2019, R (4.0.5), and RStudio (v.1.3.959).
All statistical tests were considered significant when P < 0.05. For sap flux determination the
10-day moving window function of TREX R package, version 1.0.0 by Peters et al. [55] was
used to screen possible nocturnal sap flux. Dendrometer data were edited and analyzed using
self-written scripts and DendRoAnalyst [56].

Inclusivity in global research

The foundation “Naturaleza y Cultura Internacional (NCI)” permitted and assisted to build
the towers in the Reserva Bioldgica San Francisco. The Ministerio de Ambiente of the Province
Zamora Chinchipe allowed the research under Document No. 021-IC-FAU/
FLO-DPZCCH-MA. Additional information regarding the ethical, cultural, and scientific con-
siderations specific to inclusivity in global research is included in the S1 File.

Results
Ecological factors affecting the hydrology of the mountain rainforest

Diurnal dynamics of soil water content. SWC increased with soil depth from around 25% in
the top mineral layer to 50-55% at 60 cm (Fig 3). In the uppermost 30 cm, it reflects the
dynamics of the rainfall, while below 30 cm depth SWC amplitudes decreased. At 60 cm
depth, SWC remained consistently above 50% even after an exceptionally long spell of days
without rain as in August 2020.

Diurnal dynamics of air temperature and VPD. Averages of daily courses of air temper-
ature and VPD were calculated for a long-term 12-month period (November 2019 to October
2020) and an exceptionally dry month (August 2020), which received only one-third of the
long-term mean (Fig 4A and 4B, see also Fig 3). Nighttime air temperatures ranged between
12 and 20°C, whereas during the day 25°C were frequently exceeded in sunny hours.

May 2020 August 2020
0.7 5
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Fig 3. Soil water content at 1980 m a.s.l. in the research area at various soil depths over a wet (May 2020) and 3
weeks of an exceptionally dry month (August 2020). The vertical bars represent precipitation events of different
intensities.

https://doi.org/10.1371/journal.pone.0282397.g003
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Fig 4. Diurnal courses of above-canopy air temperature (TA,C), evapotranspiration (ET, mm h™"), vapor
pressure deficit (VPD, kPa), and sap flux (g cm™ min™"). The left column shows the time period November 2019 —
October 2020, right column August 1-20, 2020.

https://doi.org/10.1371/journal.pone.0282397.9004

Commonly, leaf temperatures adapted readily to the air temperature, except, when hit by sun-
flecks. VPD was generally low, rarely exceeding 1.5 kPa during the day and 0.5 kPa during the
night (Fig 4E and 4F).

Diurnal dynamics of ET (Fig 4). ET was the by far dominating hydrological flux,
amounting to 79% of the precipitation of the research area. In contrast to air temperature (TA)
and VPD, ET reached its maximum already before noon (Fig 4C). This phenomenon held also
for the exceptionally dry August 2020 (Fig 4D). The considerable scatter of the climate vari-
ables results from the long observation period of up to 12 months, and indicates a high day-
by-day variability not only of ET, but also of VPD and air temperature. Average ET was consis-
tently positive, providing evidence that water vapor release into the atmosphere occurred not
only during daytime (4.4 mm/day on average equivalent to 85% of total daily ET) but also dur-
ing the night (0.8 mm, ~15%). During the dry August 2020, both daytime and nighttime ET
increased by 0.8 and 0.6 mm, respectively, and their ratio shifted in favor of the latter (from 15
to 22%, respectively): More than one-fifth of the total daily ET occurred during the night.

Diurnal dynamics of sap flux and stem circumference changes. The diurnal course of
leaf transpiration of canopy trees could be measured only for a limited number of species
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Table 2. Distribution of the diurnal sap flux in eight evergreen tree species over day and night and average water potential of the leaves. n.m. = not measured. * indi-
cates standard errors.

Species Total daily sap flux (gram x cm?xd™) Percent sap flux (%) Mean leaf water potential +SE (MPa)
Time of day 6:00-19:00* 19:30-0:00 0:30-6:00

Miconia calophylla 16.13 77.4 12.3 10.2 -0.2 £0.04

Tapirira guianensis 15.54 81.9 12.3 5.7 -0.3+0.03

Vismia canavillesiana 14.38 86.6 8.5 4.9 -0.4+0.02
Beilschmiedia tovarensis 13.82 79.2 12.1 8.7 n.m.

Matayba inelegans 4.82 71.9 12.9 15.2 -0.6+0.01

Podocarpus oleifolius 6.96 74.0 15.5 10.5 -1.0+0.07
Weinmannia microphylla 8.42 72.2 14.2 13.6 -1.2+0.04

Ocotea aciphylla 6.55 66.1 16.8 17.1 -1.4+0.03

*Transition periods (e.g., 19:00 to 19:30) were omitted.

https://doi.org/10.1371/journal.pone.0282397.t1002

whose crowns were accessible via the towers. To examine a larger number of tree species over
longer times, the diurnal dynamics of xylem sap flux was investigated. For comparison with
ET (Fig 4C and 4D), the sap flux dynamics during 24 hours, averaged from 10 tree species over
one year as well as during the extremely dry month of August 2020 are shown (Fig 4G and
4H). Overall, the daily dynamics of sap flux correlated better with VPD (r = 0.81) than with ET
(r=0.61). Sap flux dynamics showed a delay of around one hour against VPD (Fig 4E and 4F)
and particularly against ET. However, when analyzed with a time-lagged cross-correlation of
60 minutes, it showed the highest correlation with ET (r = 0.74). The median (10 species, one
year) of nocturnal sap flux decreased during the first half of the night, passed through a mini-
mum around midnight, and increased slightly towards the morning. Like ET, also the rates of
daytime sap flux were higher during the dry August 2020, but the ratio of day- to nighttime
sap flux was identical for both (85:15%), the long-term and the August 2020 data.

The potential contribution of individual tree species to the total stand ET was estimated
from the daily sums of sap flux (Table 2). Species with high sap flux rates were Tapirira guia-
nensis, Vismia canavillesiana, Miconia calophylla, and Beilschmiedia tovarensis, while low sap
flux rates were recorded in Weinmannia microphylla, Matayba inelegans, Myrsine coriacea and
Ocotea aciphylla (Fig 5).

The averaged sap flux decreased during the first half of the night to a minimum after mid-
night (Fig 4E and 4F). The subsequent increase towards the end of the night can be attributed
to the tree species with high sap flux rates (Miconia, Tapirira, Beilschmiedia, and Vismia) and
may indicate nocturnal transpiration (see Fig 6). The leaves of these tree species showed a rela-
tively high (less negative) average water potential, while the leaves of the trees with low sap flux
rates (Ocotea, Podocarpus, and Weinmannia) operated at a low (numerically more negative)
leaf water potential. Matayba was in between both groups, showing a low daily sap flux con-
comitant with a medium average leaf water potential (Table 2).

Shrinkage of the stem diameter was especially visible during dry periods. Water stress was
released when the water supply exceeded the loss from transpiration, usually during late after-
noon and early night hours. During the night, a clear replenishment effect was visible in all
species. With the onset of precipitation, most species reached the pre-drought maximum after
several days (Fig 7).

Diurnal course of gas exchange and hydrology of leaves. Tapirira guianensis is one of
the big canopy species with a share in the species composition of the research plot of 6%.
Together with Miconia it showed the highest rates of sap flux density of all investigated tree
species and therefore was chosen for a detailed analysis of nocturnal transpiration. Fig 6 shows
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Fig 5. Normalized sap flux (g cm™ min ™ at a depth of 2.8 cm) of individuals of nine tree species growing on the
research plot in the evergreen mountain rainforest in the Reserva Bioldgica San Francisco. The data are means of
the recordings of three sensors per tree. The grey background shows the atmospheric water vapor pressure deficit
(VPD). Vertical light grey bars indicate night hours. (n = 9).

https://doi.org/10.1371/journal.pone.0282397.g005

one of the longest uninterrupted gas exchange measurements of Tapirira leaves under simu-
lated free-air conditions. The highest leaf conductance measured with Tapirira leaves in situ
during daytime was 0.33 mol ms™, and therefore the data recorded also from day 2 of the
experiment (November 7, 2015, g = 0.15 mol ms™") were meaningful. In spite of a relatively
low VPD, the leaves of the investigated individuals (n = 2) showed continuous conductance
for water vapour and considerable transpiration during the night. Nighttime transpiration
contributed up to 20.7% to the (maximum) daily water consumption of 33.6 kg d* (Table 2).
The courses of nocturnal conductance and transpiration were strongly positively correlated
(r = 0.88) but opposite to the trend of VPD.

Daytime transpiration correlated nearly linearly with PAR (r = 0.89 Table 3), but less
strongly with VPD (r = 0.57). Due to clouds, PAR was moderate during these days, not exceed-
ing 750 umol quanta m™s™". Plotting daytime leaf conductance versus VPD showed several
hystereses, thus precluding a meaningful correlation coefficient. During nighttime sap flux fol-
lowed VPD until a minimum shortly before dawn (Fig 6). In contrast, the courses of SFn and
transpiration did not correlate, whereas a positive correlation was observed during daytime
hours (r = 0.59) with a time-shift of one up to 2.5 hours, depending on the weather conditions.

Ocotea aciphylla is a representative of trees with low daily water consumption. The investi-
gated individual is a canopy tree comparable to the examined Tapirira specimen. There are at
least five species of Ocotea on the core plot with a total share of 4.8% of the tree individuals.
Fig 8 shows leaf gas exchange for two consecutive days (November 22-23, 2015). Maximum
daytime leaf conductance on the second day (0.17 mol m™ s™) was still close to the highest
measured daily maximum (0.25 mol m™s"), and therefore the data are considered meaning-
ful. During both nights (19:00-6:00 h), rates of transpiration were near zero and NTT thus

PLOS ONE | https://doi.org/10.1371/journal.pone.0282397 March 31, 2023 10/21


https://doi.org/10.1371/journal.pone.0282397.g005
https://doi.org/10.1371/journal.pone.0282397

PLOS ONE Trees with anisohydric behaviour as main drivers of nocturnal evapotranspiration

"n__' Ly PAR —— Tleaf

600 30

e 4 o

© i Log 2o

g 400 E

= L2

o 200+ 20

&

04
6 — Assimilation —— éonductance — Transpilration I -0.15 2.0

— ] O =
s S —l15 &%
5= G 010G ", | T R/
2 E e s E
3 £ 10.05 € S £
<= S £ [95,5 &

- T T T T T T T OOO _OO
0.201 Sap flux | VPD 10

< 0.154 L0.8 ‘@
X S Q
2 E 0.10 B~
g e Los B
@©
o © 0.05- [ 55 S

(o)} :

0.00 1 -0.0

05/11/2015 18:00 06/11/20|15 06:00 06/1 1/20I15 18:00 07/11/20|15 06:00 07/11/2015 18:00
Date and time

Fig 6. Gas exchange on the background of microclimate parameters (VPD-shadowed in grey, PAR-red area) of a leaf in the sun crown of Tapirira
guianensis, measured over 2 days (November 5-7, 2015) under simulated natural atmospheric conditions with the IRGA. Simultaneously, sap flux was

measured in the stem at breast height (lower panel).

https://doi.org/10.1371/journal.pone.0282397.9006

accounted for not more than 5.3% of the total diurnal transpiration (Fig 8). Averaged over 16
diurnal courses, it was 7.5%. Like in Tapirira, nighttime conductance was strongly correlated
with NTT, but, in contrast to that species, not with VPD. Daytime transpiration rates of up to
1.3 mmol m™s™ (on a dry morning temporarily up to 3.5 mmol m™s™) were in the known
range of sclerified leaves [57] and correlated well with PAR, but not with VPD due to hystere-
sis. Normalized sap flux rates correlated closely with VPD during the day, but negatively dur-
ing the night (p<0.01).

The higher average rate of leaf transpiration (130 £102 mmol m™ d™', n = 6) in Tapirira cor-
responded well with its higher average leaf conductance (gaverage = 0.05 = 0.007 mol m?2s
n = 6 days). The corresponding values of Ocotea leaves were 110 + 88 mmol m2d?!(n=14)
for average transpiration and 0.03 + 0.0013 mol m>s™" (n = 15) for leaf conductance.

Table 3. Parameters characterizing leaf transpiration over two nights and two days of Tapirira and Ocotea as representatives of the two groups of differing hydro-

logical performance. *p < 0.05.

Species Total water consumption per day [kg] Night Day
Correlation Percent Correlation coefficient Percent
coefficient
g/VPD | E/VPD | Ey/Eo | g/VPD | gPAR | E/VPD | E/PAR | Ep/E
Tapirira guianensis 33.6 0.08 0.48* 20.7 -0.20 0.31* 0.57* 0.89* 79.3
Ocotea aciphylla 19.3 -0.11 0.00 7.5 -0.46* 0.44* -0.13 0.73* 92.5

https://doi.org/10.1371/journal.pone.0282397.t003
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Tapirira and Ocotea, respectively.

https://doi.org/10.1371/journal.pone.0282397.9009

Factors controlling nocturnal transpiration (Table 3). During the night, the stomata of
Tapirira leaves were at least partly open, and transpiration responded positively to VPD in the
range between 0.6 and 1.3 kPa. In that range, the sensitivity (m) of g to the atmospheric water
vapor deficit was 0.055 mol m s 'In(kPa)". At higher VPD, the stomata progressively closed.
Calculating VPD for complete stomata closure by the function e®™ (when b = Zorers Oren et al
1999) results in 1.27 kPa, which is close to the observed value (Fig 9). At VPD lower than 0.6
kPa g, varied, but did no longer respond to changes of VPD. The leaves of Ocotea showed a
particularly low leaf conductance (and transpiration) during the night and there was no clear
dependence of either variable to VPD (Table 3). The minimum nocturnal conductance (~5
mmol m™*s™) was half that of Tapirira (Fig 9). There was an abrupt transition between the
VPD range in which the stomata closed (VPD > 0.8 kPa) and the range in which the stomata
were slightly open but did not respond to VPD (< 0.8 kPa). The average sensitivity of noctur-
nal g, to VPD, as calculated by equation (1), was only 0.0029 mmol m s In(kPa)! and hence
physiologically irrelevant, as was the value for complete closure of the stomata (9.7 kPa).

Discussion
The plot level: Diurnal dynamics of evapotranspiration

Due to the dense vegetation cover of the mountain rainforest, evapotranspiration is considered
to result from plant transpiration (and interception shortly after a rain event). Rain showers
and the incidence of fog transitorily suspended the ECov measurements, but under these con-
ditions, the air was saturated with moisture and thus transpiration cannot be expected. Wind
speed in the research area was generally low, especially during the night (1-1.5 m s™'), rarely
exceeding 2 m s even in the windiest month August [58], and thus possible effects of turbu-
lences on the interpretation of the ECov measurements can be neglected. Given the low VPD
and wind speeds near the surface, evaporation from the soil surface is assumed negligible. The
share of 15% of total diurnal ET released from the forest during the night suggests ongoing
transpiration by at least part of the vegetation. Compared to the globally estimated share of
nocturnal transpiration between 6.3 and 7.9% [38], this value appears rather high; however,
high rates of nocturnal transpiration between 25 and 80% have also been recorded at higher
elevations in the Atlantic tropical rainforest [28].
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Comparing the accumulated amount of daily evapotranspiration with the amount of rain-
fall over one year (Nov. 2019 —~Nov. 2020) revealed that the bulk of the rain and fog water
received by the forest is returned to the atmosphere via ET (78.8% of the annual precipitation
of 2016 mm). Fleischbein et al. [59] estimated an ET of 62% for the same forest, composed
equally of plant transpiration and interception. Relating measured and modeled surface run-
off, respectively, to rainfall (without fog precipitation), Wilcke et al. [60] calculated ET in three
catchments of the research area between 54 and 62% with an interception share of 70%. These
and our results contrast with the result of a model calculation for the year 2000 [40], which
stated that the main portion of rainwater leaves the ecosystem via run-off or subsurface flow.
The model resulted in stand transpiration between 1 and2.4 mm per day, which is substantially
less than the measured long-term ET mean reported in this study (5.15 mm). In the exception-
ally dry period in August 2020, the overall balance between precipitation and ET was even neg-
ative: Over three weeks, total precipitation of 27.6 mm contrasted with an ET of 133.77 mm,
resulting in an over decrease of the soil water content (Fig 3, right panel) by a simultaneously
increased transpiration of the vegetation.

Following irradiance, the diurnal courses of air temperature and VPD reached their maxima
in the early afternoon. In contrast, the daily maximum of ET was observed during the late
morning hours, indicating that ET did not directly follow VPD. The discrepancy resulted from
the early peaking of transpiration (Figs 6 and 8) and the subsequent midday depression, as a
response to the increasing VPD (e.g. Fig 8, November 23). SWC of the upper 30 cm soil
decreased between rainfall events (Fig 3). According to Moser et al. [61], the fine roots of the
trees are concentrated in this layer and thus are subjected to the fluctuations of the water supply,
which eventually can trigger signaling of water shortage to the leaves. During the prolonged
drought in August 2020, some trees already wilted, in spite of their sclerophyllous leaves.

The tree level: Water relations and hydrological types

Compared to trees in semi-arid tropical or temperate regions, the daily water consumption
even of the bigger trees in the tropical mountain rainforest was low. In spite of an average LAI
between 4 and 6 [62] for Tapirira, the tallest of the investigated trees, a water consumption of
only 33.6 kg was estimated on a rainless day. Ocoteq, as an example of the water-saving group
of canopy trees, consumed only up to 19.3 kg of water per day. Motzer et al. [39], also com-
menting on the relatively low water consumption, reported a daily water throughput of

5.0 + 2.5 kg for a smaller unidentified Ocotea tree in the research area (DBH 12.7, height 13
m). The low daily water throughput is understood as a response to the low VPD, proven by the
long-term median below 1 MPa even during the sunny hours of the day (Fig 4). The tree spe-
cies investigated in this study are mid-successional species, which follow an overall conserva-
tive water use strategy, in contrast to pioneer trees like Cecropia montana, which was reported
to consume up to 120 kg H,O per day [39]. In the present study, stomatal conductance fluctu-
ated over the daytime between 0.006 and 0.25 mol m™ s' and thus was in the range known for
tropical trees [39, 63, 64].

With respect to water relations, plants have been classified into iso- and anisohydric types
[65]. Although the genetic background of such intrinsic properties has been questioned [66,
67], and a continuum between both behaviors has been proposed instead [68], the expanded
hydricity concept of Meinzer et al. [69] has proven useful in plant ecohydrology. Anisohydric
performance has been shown for part of the trees of a moist tropical forest in Borneo [70, 71],
while isohydric behavior appears to prevail in an Amazon lowland forest [72]. Regarding the
trees investigated in this study, isohydric-like performance could be attributed to Ocotea and
anisohydric-like to Tapirira: It exhibited a comparatively high water consumption, and its
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leaves showed a relatively high predawn water potential (Table 2) with a considerable ampli-
tude of diurnal fluctuation by 114%. In contrast, Ocotea leaves, operating at a low predawn
water potential, exhibited a considerably smaller diurnal oscillation (50%), and the tree had a
substantially lower daily water consumption. The other, above-mentioned hydrological traits
of both species corroborate their behavior as anisohydric-like and isohydric-like, respectively.
With respect to water consumption, leaf gas exchange, and the range of leaf water potential,
Vismia canavillesiana, and Miconia calophylla behaved like Tapirira, whereas, Matayba inele-
gans, Podocarpus oleifolius, and Weinmannia microphylla concurred rather with Ocotea aci-
phylla (Fig 5, Table 2).

The hydrological behavior affected also the extent of the diurnal changes of the stem cir-
cumferences (Fig 7), although these may also partly be skewed by stem growth. Tapirira, Vis-
mia, and Weinmannia showed transpiration-related stem contraction during daytime
followed by relaxation during the subsequent night, while the trees in the Ocotea group hardly
showed any diurnal changes in stem circumference.

The leaf level: Conductance, transpiration, and xylem sap flux

During the daytime, leaf conductance and especially transpiration correlated best with light
intensity (Table 3), due to the light stimulus on the stomata [73]. During nighttime, endoge-
nous or other environmental factors control stomatal conductance [8]. In the VPD range
between 0.6 and 1.1 kPa, Tapirira leaves responded to an increasing VPD with a decrease in
leaf conductance (Fig 9) suggesting an effect of the water potential gradient between the leaf
interior and the atmosphere on the regulation of the stomata also in the dark. The sensitivity
of nocturnal leaf conductance to VPD was 55 mmol m 2 s 'In(kPa) "}, which is in the range pre-
sented by Oren et al. [50] as an average (~60 mmol m™* s 'In(kPa) ™" for many species during
daytime. During daytime, sensitivity was lower (48 mmol m™s'In(kPa)™' due to the overrid-
ing light signal on the stomata [73]. Considering the results reported by Barbour & Buckley
[74] for Ricinus, the lower day-time sensitivity is typical for well-watered high-light plants. The
minimum leaf conductance of 11 mmol m™s™ recorded at VPDs higher than 1.1 kPa was by a
factor of 10 higher than an average cuticular permeability for evergreen broadleaf woody
plants [75], suggesting some leakiness of the stomata [76]. Moreover, uncontrolled nocturnal
water loss was facilitated by the high water potential of the leaves. At VPD below 0.6 kPa, noc-
turnal leaf conductance deviated from the near-linear relation between g and InVPD. Non-lin-
earity of that relation during nighttime has been reported for trees of the montane Atlantic
rainforest of Brazil [39], however with a tendency to linearity towards lower VPDs, which is in
contrast to our findings. Stressing the complexity of stomata regulation by environmental fac-
tors, the authors held back from presenting a physiological explanation. The same holds for
this study which favors the gross idea of a VPD threshold at ~0.6 kPa, from which the VPD
gradient across the leaf epidermis is the dominating factor in nocturnal stomata regulation.
Opverall, the time-course of leaf transpiration shows a positive correlation with that of VPD in
the day as well as at night (Table 3). In the group of trees with anisohydric-like leaf perfor-
mance (Miconia, Tapirira, Beilschmiedia, and Vismia), a significant share of SFn took place
during the early night hours (Table 2) with decreasing flux rates until a minimum at midnight
or even later, suggesting mainly replenishment of the water potential in the trees’ living tissues.
The increase of the flux rates in the second half of the night in that group of trees might be due
to an increasing NTT after the recovery of the leaves’ turgor (see Fig 5). Diverting at least part
of SFn into N'TT was related to the average water potential of the leaves: Miconia, Tapirira,
and Vismia operated at a (numerically) high, Ocotea, Podocarpus, and Weinmannia at a more
negative leaf water potential (Table 2).
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As indicated by transpiration rates less than 2% of the day-time maximum, the stomata of
the Ocotea group closed during the entire dark period even at very low VPDs. This can be con-
cluded from the sudden transition between the VPD range in which the stomata closed
(VPD > 0.8 kPa), and the range in which the leaves showed very low conductance but did not
respond to changes in VPD (< 0.8 kPa, Fig 9). Consequently, calculation of the sensitivity of
nocturnal leaf conductance to VPD appears irrelevant. This notion is in line with the lack of a
correlation between nocturnal leaf conductance and transpiration with VPD (Table 3). The
observed minimum conductance of 4.5 mmol m™s™' is but a little higher than the published
value of 1 mmol m™s™ for cuticular transpiration of evergreen broadleaf trees [75]. The more
negative leaf water potential of these trees performing isohydric-like leaf hydrology might con-
tribute to throttle uncontrolled water loss. During daytime, the sensitivity of leaf conductance
to VPD was also low, but at least in the order of magnitude found in previous studies [50]. The
trees with isohydric-like leaf hydrology exhibited very low rates of nocturnal sap flux. Due to
the lower transpiration rates and the smaller diurnal change of the leaf water potential,
recharging of the trees’ internal water reservoirs could have been achieved already by the end
of the day.

In contrast to the different nocturnal performances, daytime leaf conductance and transpi-
ration correlated well in Tapirira and Ocotea (R* between 0.7 and 0.91, respectively). This is
plausible since correlations of conductance and transpiration with light intensity (PAR) were
stronger than with VPD (Table 3, see also [39]). In contrast, leaf conductance and transpira-
tion correlated only weakly with sap flux during the daytime, due to a delay of the latter. On
the assumption that the internal water reservoirs of the trees were replenished in the course of
the night, the duration of the lag between leaf transpiration and sap flux could inter alia reflect
the volume of that water reservoir, which initially feeds transpiration. Sap flux during daytime
correlated better with VPD than with leaf transpiration. This phenomenon has been observed
also in earlier studies [39, 77], but its physiological cause is still not well understood. As shown
by Strobl et al. [78], the gas exchange of individual leaves in a crown shows different time
kinetics depending on the position in the crown and varying light conditions. Xylem sap flux,
measured beneath the first branches integrates over the water demand of the entire crown and
thus is less depending on the regulation of the individual leaves’ transpiration.

Conclusions

Overall mean annual evapotranspiration, directly measured over more than a year, accounted
for 79 percent of the total precipitation and was thus the major hydraulic flux in the ecosystem.
Its daily course proves the release of water vapor from the vegetation into the atmosphere also
during the night and the increase of ET during periods of drought, mainly by enhanced noc-
turnal transpiration. Due to the closed vegetation cover of the forest, evapotranspiration must
have resulted almost entirely from the transpiration of the trees.

Despite the high humidity in the mountain rainforest, anisohydric-like as well as isohydric-
like performance of canopy trees were observed in the study plot of about 0.25 ha at 1900 m
altitude. An important difference was found in the conductance of the leaves for water vapor
during nighttime: Trees with anisohydric-like performance showed nocturnal transpiration
sustained by a measurable conductance that responded at least partly to VPD, whereas isohyd-
ric-like species closed their stomata in the dark. Nighttime evapotranspiration of the forest was
thus attributed to the share of the trees with anisohydric-like performance.

The coexistence of similar-sized canopy trees with anisohydric- and isohydric-like water
relations suggests the idea of a physiological trait corresponding to the mosaic climax of the
tropical mountain rainforest.

PLOS ONE | https://doi.org/10.1371/journal.pone.0282397 March 31, 2023 16/21


https://doi.org/10.1371/journal.pone.0282397

PLOS ONE

Trees with anisohydric behaviour as main drivers of nocturnal evapotranspiration

Supporting information

S1 Table. Overview of analyzed measurement and observation periods of different ecologi-
cal and meteorological parameters and their temporal resolutions.
(DOCX)

S1 File. Inclusivity in global research.
(DOCX)

Acknowledgments

The authors thank the foundation “Naturaleza y Cultura Internacional (NCI)” for the permit
and assistance to build the towers in the Reserva Bioldgica San Francisco. Furthermore, thanks
are due to the Ministerio de Ambiente of the Province Zamora Chinchipe for permitting the
research under Document No. 021-IC-FAU/FLO-DPZCCH-MA. We are very grateful to our
scientific coordinators Dr. Felix Matt and Dipl.-Ecologist Jorg Zeilinger for their unreserved
logistic support of the project. Moreover, we thank MSc Eduardo Cueva (Loja) for assistance
with the identification of the trees and Dr. Jiirgen Homeier for the information on SLA

(Table 1).

Author Contributions

Conceptualization: Volker Raffelsbauer, Katja Trachte, Achim Brauning, Jérg Bendix, Erwin
Beck.

Data curation: Volker Raffelsbauer, Franz Pucha-Cofrep, Simone Strobl, Johannes Kniisting,
Michael Schorsch, Katja Trachte, David Windhorst, Brenner Silva.

Formal analysis: Achim Brauning, Erwin Beck.

Funding acquisition: Renate Scheibe, Achim Brauning, Erwin Beck.

Investigation: Volker Raffelsbauer, Erwin Beck.

Methodology: Erwin Beck.

Writing - original draft: Volker Raffelsbauer, Katja Trachte, Achim Briuning, Erwin Beck.

Writing - review & editing: Johannes Kniisting, Renate Scheibe, David Windhorst, Jorg
Bendix.

References

1. Caird MA, Richards JH, Donovan LA. Nighttime stomatal conductance and transpiration in C3 and C4
plants. Plant Physiol. 2007; 143:4—10. https://doi.org/10.1104/pp.106.092940 PMID: 17210908.

2. Phillips NG, Lewis JD, Logan BA, Tissue DT. Inter- and intra-specific variation in nocturnal water trans-
port in Eucalyptus. Tree Physiol. 2010; 30:586—96. https://doi.org/10.1093/treephys/tpq009 PMID:
20332372

3. Zeppel MJB, Lewis JD, Phillips NG, Tissue DT. Consequences of nocturnal water loss: a synthesis of
regulating factors and implications for capacitance, embolism and use in models. Tree Physiol. 2014;
34:1047-55. https://doi.org/10.1093/treephys/tpu089 PMID: 25413023.

4. Dawson TE, Burgess SSO, Tu KP, Oliveira RS, Santiago LS, Fisher JB, et al. Nighttime transpiration in
woody plants from contrasting ecosystems. Tree Physiol. 2007; 27:561-75. https://doi.org/10.1093/
treephys/27.4.561 PMID: 17241998.

5. Forster MA. How significant is nocturnal sap flow. Tree Physiol. 2014; 34:757—65. Epub 2014/07/01.
https://doi.org/10.1093/treephys/tpu051 PMID: 24990866.

PLOS ONE | https://doi.org/10.1371/journal.pone.0282397 March 31, 2023 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282397.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282397.s002
https://doi.org/10.1104/pp.106.092940
http://www.ncbi.nlm.nih.gov/pubmed/17210908
https://doi.org/10.1093/treephys/tpq009
http://www.ncbi.nlm.nih.gov/pubmed/20332372
https://doi.org/10.1093/treephys/tpu089
http://www.ncbi.nlm.nih.gov/pubmed/25413023
https://doi.org/10.1093/treephys/27.4.561
https://doi.org/10.1093/treephys/27.4.561
http://www.ncbi.nlm.nih.gov/pubmed/17241998
https://doi.org/10.1093/treephys/tpu051
http://www.ncbi.nlm.nih.gov/pubmed/24990866
https://doi.org/10.1371/journal.pone.0282397

PLOS ONE

Trees with anisohydric behaviour as main drivers of nocturnal evapotranspiration

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Siddiq Z, Chen Y-J, Zhang Y-J, Zhang J-L, Cao K-F. More sensitive response of crown conductance to
VPD and larger water consumption in tropical evergreen than in deciduous broadleaf timber trees. Agri-
cultural and Forest Meteorology. 2017; 247:399-407. https://doi.org/10.1016/j.agrformet.2017.08.028

Fricke W. Night-Time Transpiration—Favouring Growth. Trends Plant Sci. 2019; 24:311-7. Epub
2019/02/13. https://doi.org/10.1016/j.tplants.2019.01.007 PMID: 30770287.

Resco de Dios V, Chowdhury FI, Granda E, Yao Y, Tissue DT. Assessing the potential functions of noc-
turnal stomatal conductance in C3 and C4 plants. New Phytol. 2019; 223:1696—706. Epub 2019/05/22.
https://doi.org/10.1111/nph.15881 PMID: 31055839.

Zeppel M, Tissue D, Taylor D, Macinnis-Ng C, Eamus D. Rates of nocturnal transpiration in two ever-
green temperate woodland species with differing water-use strategies. Tree Physiol. 2010; 30:988—
1000. Epub 2010/06/21. https://doi.org/10.1093/treephys/tpq053 PMID: 20566582.

Pfautsch S, Adams MA. Water flux of Eucalyptus regnans: defying summer drought and a record heat-
wave in 2009. Oecologia. 2013; 172:317-26. Epub 2012/10/16. https://doi.org/10.1007/s00442-012-
2494-6 PMID: 23070142.

Meinzer FC, Johnson DM, Lachenbruch B, McCulloh KA, Woodruff DR. Xylem hydraulic safety margins
in woody plants: coordination of stomatal control of xylem tension with hydraulic capacitance. Funct
Ecol. 2009; 23:922-30.

Meinzer FC, Domec J-C, Johnson DM, McCulloh KA, Woodruff DR. THE DYNAMIC PIPELINE:
HOMEOSTATIC MECHANISMS THAT MAINTAIN THE INTEGRITY OF XYLEM WATER TRANS-
PORT FROM ROOTS TO LEAVES. Acta Hortic. 2013:125-31. https://doi.org/10.17660/ActaHortic.
2013.991.15

McCulloh KA, Johnson DM, Meinzer FC, Woodruff DR. The dynamic pipeline: hydraulic capacitance
and xylem hydraulic safety in four tall conifer species. Plant Cell Environ. 2014; 37:1171-83. Epub
2013/12/01. https://doi.org/10.1111/pce.12225 PMID: 24289816.

Ogasa M, Miki NH, Murakami Y, Yoshikawa K. Recovery performance in xylem hydraulic conductivity is
correlated with cavitation resistance for temperate deciduous tree species. Tree Physiol. 2013;
33:335—44. https://doi.org/10.1093/treephys/tpt010 PMID: 23492871.

McDowell NG, Brodribb TJ, Nardini A. Hydraulics in the 21st century. New Phytol. 2019; 224:537-42.
https://doi.org/10.1111/nph.16151 PMID: 31545889.

Scholz FG, Bucci SJ, Goldstein G, Meinzer FC, Franco AC, Miralles-Wilhelm F. Removal of nutrient lim-
itations by long-term fertilization decreases nocturnal water loss in savanna trees. Tree Physiol. 2007;
27:551-9. https://doi.org/10.1093/treephys/27.4.551 PMID: 17241997.

Rohula G, Kupper P, Raim O, Sellin A, Sdber A. Patterns of night-time water use are interrelated with
leaf nitrogen concentration in shoots of 16 deciduous woody species. Environmental and Experimental
Botany. 2014; 99:180-8. https://doi.org/10.1016/j.envexpbot.2013.11.017

GANSERT D. Xylem sap flow as a major pathway for oxygen supply to the sapwood of birch (Betula
pubescens Ehr.). Plant Cell Environ. 2003; 26:1803—14. https://doi.org/10.1046/j.1365-3040.2003.
01097.x

Even M, Sabo M, Meng D, Kreszies T, Schreiber L, Fricke W. Night-time transpiration in barley (Hor-
deum vulgare) facilitates respiratory carbon dioxide release and is regulated during salt stress. Ann Bot.
2018; 122:569-82. https://doi.org/10.1093/aob/mcy084 PMID: 29850772.

Fuentes S, Mahadevan M, Bonada M, Skewes MA, Cox JW. Night-time sap flow is parabolically linked
to midday water potential for field-grown almond trees. Irrig Sci. 2013; 31:1265-76. https://doi.org/10.
1007/s00271-013-0403-3

Yang S-J, Zhang Y-J, Sun M, Goldstein G, Cao K-F. Recovery of diurnal depression of leaf hydraulic
conductance in a subtropical woody bamboo species: embolism refilling by nocturnal root pressure.
Tree Physiol. 2012; 32:414-22. Epub 2012/04/11. https://doi.org/10.1093/treephys/tps028 PMID:
22499596.

Zeppel MJB, Murray BR, Barton C, Eamus D. Seasonal responses of xylem sap velocity to VPD and
solar radiation during drought in a stand of native trees in temperate Australia. Funct Plant Biol. 2004;
31:461-70. https://doi.org/10.1071/FP03220 PMID: 32688918.

Alvarado-Barrientos MS, Holwerda F, Geissert DR, Mufioz-Villers LE, Gotsch SG, Asbjornsen H, et al.
Nighttime transpiration in a seasonally dry tropical montane cloud forest environment. Trees. 2015;
29:259-74. https://doi.org/10.1007/s00468-014-1111-1

Meinzer FC, Goldstein G, HOLBROOK NM, JACKSON P, CAVELIER J. Stomatal and environmental

control of transpiration in a lowland tropical forest tree. Plant Cell Environ. 1993; 16:429-36. https://doi.
org/10.1111/j.1365-3040.1993.tb00889.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0282397 March 31, 2023 18/21


https://doi.org/10.1016/j.agrformet.2017.08.028
https://doi.org/10.1016/j.tplants.2019.01.007
http://www.ncbi.nlm.nih.gov/pubmed/30770287
https://doi.org/10.1111/nph.15881
http://www.ncbi.nlm.nih.gov/pubmed/31055839
https://doi.org/10.1093/treephys/tpq053
http://www.ncbi.nlm.nih.gov/pubmed/20566582
https://doi.org/10.1007/s00442-012-2494-6
https://doi.org/10.1007/s00442-012-2494-6
http://www.ncbi.nlm.nih.gov/pubmed/23070142
https://doi.org/10.17660/ActaHortic.2013.991.15
https://doi.org/10.17660/ActaHortic.2013.991.15
https://doi.org/10.1111/pce.12225
http://www.ncbi.nlm.nih.gov/pubmed/24289816
https://doi.org/10.1093/treephys/tpt010
http://www.ncbi.nlm.nih.gov/pubmed/23492871
https://doi.org/10.1111/nph.16151
http://www.ncbi.nlm.nih.gov/pubmed/31545889
https://doi.org/10.1093/treephys/27.4.551
http://www.ncbi.nlm.nih.gov/pubmed/17241997
https://doi.org/10.1016/j.envexpbot.2013.11.017
https://doi.org/10.1046/j.1365-3040.2003.01097.x
https://doi.org/10.1046/j.1365-3040.2003.01097.x
https://doi.org/10.1093/aob/mcy084
http://www.ncbi.nlm.nih.gov/pubmed/29850772
https://doi.org/10.1007/s00271-013-0403-3
https://doi.org/10.1007/s00271-013-0403-3
https://doi.org/10.1093/treephys/tps028
http://www.ncbi.nlm.nih.gov/pubmed/22499596
https://doi.org/10.1071/FP03220
http://www.ncbi.nlm.nih.gov/pubmed/32688918
https://doi.org/10.1007/s00468-014-1111-1
https://doi.org/10.1111/j.1365-3040.1993.tb00889.x
https://doi.org/10.1111/j.1365-3040.1993.tb00889.x
https://doi.org/10.1371/journal.pone.0282397

PLOS ONE

Trees with anisohydric behaviour as main drivers of nocturnal evapotranspiration

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Grulke NE, Alonso R, Nguyen T, Cascio C, Dobrowolski W. Stomata open at night in pole-sized and
mature ponderosa pine: implications for O3 exposure metrics. Tree Physiol. 2004; 24:1001-10. https:/
doi.org/10.1093/treephys/24.9.1001 PMID: 15234897.

Wang H, Zhao P, Holscher D, Wang Q, Lu P, Cai XA, et al. Nighttime sap flow of Acacia mangium and
its implications for nighttime transpiration and stem water storage. Journal of Plant Ecology. 2012;
5:294-304. https://doi.org/10.1093/jpe/rtr025

Lewis JD, Phillips NG, Logan BA, Hricko CR, Tissue DT. Leaf photosynthesis, respiration and stomatal
conductance in six Eucalyptus species native to mesic and xeric environments growing in a common
garden. Tree Physiol. 2011; 31:997-10086. https://doi.org/10.1093/treephys/tpr087 PMID: 21937672.

Rogiers SY, Greer DH, Hutton RJ, Landsberg JJ. Does night-time transpiration contribute to anisohydric
behaviour in a Vitis vinifera cultivar. J Exp Bot. 2009; 60:3751-63. Epub 2009/07/07. https://doi.org/10.
1093/jxb/erp217 PMID: 19584116.

Rosado BH, Oliveira RS, Joly CA, Aidar MP, Burgess SS. Diversity in nighttime transpiration behavior
of woody species of the Atlantic Rain Forest, Brazil. Agricultural and Forest Meteorology. 2012; 158—
159:13-20. https://doi.org/10.1016/j.agrformet.2012.02.002

Zeppel MJB, Lewis JD, Chaszar B, Smith RA, Medlyn BE, Huxman TE, et al. Nocturnal stomatal con-
ductance responses to rising CO2, temperature and drought. New Phytol. 2012; 193:929-38. Epub
2011/12/09. https://doi.org/10.1111/j.1469-8137.2011.03993.x PMID: 22150067

Barron-Gafford GA, Grieve KA, Murthy R. Leaf- and stand-level responses of a forested mesocosm to
independent manipulations of temperature and vapor pressure deficit. New Phytol. 2007; 174:614-25.
https://doi.org/10.1111/j.1469-8137.2007.02035.x PMID: 17447916.

Groh J, Pitz T, Gerke HH, Vanderborght J, Vereecken H. Quantification and Prediction of Nighttime
Evapotranspiration for Two Distinct Grassland Ecosystems. Water Resour Res. 2019; 55:2961-75.
https://doi.org/10.1029/2018WR024072

Resco de Dios V, Roy J, Ferrio JP, Alday JG, Landais D, Milcu A, et al. Processes driving nocturnal
transpiration and implications for estimating land evapotranspiration. Sci Rep. 2015; 5:10975. Epub
2015/06/15. https://doi.org/10.1038/srep10975 PMID: 26074373.

Novick KA, Oren R, Stoy PC, Siqueira M, Katul GG. Nocturnal evapotranspiration in eddy-covariance
records from three co-located ecosystems in the Southeastern U.S.: Implications for annual fluxes. Agri-
cultural and Forest Meteorology. 2009; 149:1491-504. https://doi.org/10.1016/j.agrformet.2009.04.
005

Hirschi M, Michel D, Lehner |, Seneviratne SlI. A site-level comparison of lysimeter and eddy covariance
flux measurements of evapotranspiration. Hydrol Earth Syst Sci. 2017; 21:1809-25. https://doi.org/10.
5194/hess-21-1809-2017

GRANIER A, Huc R, Barigah ST. Transpiration of natural rain forest and its dependence on climatic fac-
tors. Agricultural and Forest Meteorology. 1996; 78:19-29. https://doi.org/10.1016/0168-1923(95)
02252-X

Wallace J, McJannet D. Processes controlling transpiration in the rainforests of north Queensland, Aus-
tralia. Journal of Hydrology. 2010; 384:107—17. https://doi.org/10.1016/j.jhydrol.2010.01.015

Padrén RS, Gudmundsson L, Michel D, Seneviratne Sl. Terrestrial water loss at night: global relevance
from observations and climate models. Hydrol Earth Syst Sci. 2020; 24:793-807. https://doi.org/10.
5194/hess-24-793-2020

Motzer T, Munz N, Kiippers M, Schmitt D, Anhuf D. Stomatal conductance, transpiration and sap flow
of tropical montane rain forest trees in the southern Ecuadorian Andes. Tree Physiol. 2005; 25:1283—
93. https://doi.org/10.1093/treephys/25.10.1283 PMID: 16076777

Kippers M, Motzer T, Schmitt D, Ohlemacher C, Zimmermann R, Horna V, et al. Stand structure, tran-
spiration responses in trees and vines and stand transpiration of different forest types within the moun-
tain rainforest. In: Beck E, Bendix J, Kottke I, Makeschin F, Mosandl R, editors. Gradients in a Tropical
Mountain Ecosystem of Ecuador. Berlin, Heidelberg: Springer Berlin Heidelberg; 2008. pp. 243-58.

Silva B, Alava-Nufez P, Strobl S, Beck E, Bendix J. Area-wide evapotranspiration monitoring at the
crown level of a tropical mountain rain forest. Remote Sensing of Environment. 2017; 194:219-29.
https://doi.org/10.1016/j.rse.2017.03.023

Richter M, Beck E, Rollenbeck R, Bendix J. The Study Area. In: Bendix J, Beck E, Brauning A,
Makeschin F, MosandI R, et al., editors. Ecosystem Services, Biodiversity and Environmental Change
in a Tropical Mountain Ecosystem of South Ecuador. Berlin, Heidelberg: Springer Berlin Heidelberg;
2013. pp. 3—-17.

Bendix J, Beck E. Environmental change and its impacts in a biodiversity hotspot of the south Ecuador-
ian Andes—monitoring and mitigation strategies. Erdkunde. 2015; 70:1-4. https://doi.org/10.3112/
erdkunde.2016.01.01

PLOS ONE | https://doi.org/10.1371/journal.pone.0282397 March 31, 2023 19/21


https://doi.org/10.1093/treephys/24.9.1001
https://doi.org/10.1093/treephys/24.9.1001
http://www.ncbi.nlm.nih.gov/pubmed/15234897
https://doi.org/10.1093/jpe/rtr025
https://doi.org/10.1093/treephys/tpr087
http://www.ncbi.nlm.nih.gov/pubmed/21937672
https://doi.org/10.1093/jxb/erp217
https://doi.org/10.1093/jxb/erp217
http://www.ncbi.nlm.nih.gov/pubmed/19584116
https://doi.org/10.1016/j.agrformet.2012.02.002
https://doi.org/10.1111/j.1469-8137.2011.03993.x
http://www.ncbi.nlm.nih.gov/pubmed/22150067
https://doi.org/10.1111/j.1469-8137.2007.02035.x
http://www.ncbi.nlm.nih.gov/pubmed/17447916
https://doi.org/10.1029/2018WR024072
https://doi.org/10.1038/srep10975
http://www.ncbi.nlm.nih.gov/pubmed/26074373
https://doi.org/10.1016/j.agrformet.2009.04.005
https://doi.org/10.1016/j.agrformet.2009.04.005
https://doi.org/10.5194/hess-21-1809-2017
https://doi.org/10.5194/hess-21-1809-2017
https://doi.org/10.1016/0168-1923%2895%2902252-X
https://doi.org/10.1016/0168-1923%2895%2902252-X
https://doi.org/10.1016/j.jhydrol.2010.01.015
https://doi.org/10.5194/hess-24-793-2020
https://doi.org/10.5194/hess-24-793-2020
https://doi.org/10.1093/treephys/25.10.1283
http://www.ncbi.nlm.nih.gov/pubmed/16076777
https://doi.org/10.1016/j.rse.2017.03.023
https://doi.org/10.3112/erdkunde.2016.01.01
https://doi.org/10.3112/erdkunde.2016.01.01
https://doi.org/10.1371/journal.pone.0282397

PLOS ONE

Trees with anisohydric behaviour as main drivers of nocturnal evapotranspiration

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Beck E, Matt F, Bendix J, Farwig N, Paladines P, Paladines R. Alexander von Humbolt would have
loved it: Estacion cientifica San Francisco. Ecotropica. 2019; 21.

Homeier J, Breckle S-W, Giinter S, Rollenbeck RT, Leuschner C. Tree Diversity, Forest Structure and
Productivity along Altitudinal and Topographical Gradients in a Species-Rich Ecuadorian Montane Rain
Forest. Biotropica. 2010; 42:140-8. https://doi.org/10.1111/j.1744-7429.2009.00547 .x

Homeier J. The influence of topography on forest structure and regeneration dynamics in an Ecuadorian
montane forest. In: Gradstein SR, Homeier J, Gansert D, editors. The tropical mountain forest. Patterns
and processes in a biodiversity hotspot. Géttingen: Universitatsverlag Géttingen; 2008. pp. 97—-108.

Wilcke W, Yasin S, Schmitt A, Valarezo C, Zech W. Soils Along the Altitudinal Transect and in Catch-
ments. In: Beck E, Bendix J, Kottke I, Makeschin F, Mosandl R, editors. Gradients in a Tropical Moun-
tain Ecosystem of Ecuador. Berlin, Heidelberg: Springer Berlin Heidelberg; 2008. pp. 75-85.

Foken T, Leuning R, Oncley SR, Mauder M, Aubinet M. Corrections and Data Quality Control. In: Aubi-
net M, Vesala T, Papale D, editors. Eddy Covariance: A Practical Guide to Measurement and Data
Analysis. Dordrecht: Scholars Portal; 2012. pp. 85—131.

Baldocchi D. Measuring fluxes of trace gases and energy between ecosystems and the atmosphere—
the state and future of the eddy covariance method. Glob Chang Biol. 2014; 20:3600-9. Epub 2014/06/
27. https://doi.org/10.1111/gcb.12649 PMID: 24890749.

Oren R, Sperry JS, Katul GG, Pataki DE, Ewers BE, Phillips N, et al. Survey and synthesis of intra- and
interspecific variation in stomatal sensitivity to vapour pressure deficit. Plant Cell Environ. 1999;
22:1515-26. https://doi.org/10.1046/j.1365-3040.1999.00513.x

GRANIER A. Une nouvelle méthode pour la mesure du flux de séve brute dans le tronc des arbres. Ann
For Sci. 1985; 42:193-200. https://doi.org/10.1051/forest: 19850204

Lu P, Urban L, Ping Z. Granier’'s Thermal Dissipation Probre (TDP) method for measuring sap flow in
trees: theory and practice. Acta Botanica Sinica. 2004; 46:631-46.

Meinzer FC, Goldstein G, Andrade JL. Regulation of water flux through tropical forest canopy trees: Do
universal rules apply. Tree Physiol. 2001; 21:19-26. https://doi.org/10.1093/treephys/21.1.19 PMID:
11260820

Gebauer T, Horna V, Leuschner C. Variability in radial sap flux density patterns and sapwood area
among seven co-occurring temperate broad-leaved tree species. Tree Physiol. 2008; 28:1821-30.
https://doi.org/10.1093/treephys/28.12.1821 PMID: 19193565.

Peters RL, Pappas C, Hurley AG, Poyatos R, Flo V, Zweifel R, et al. Assimilate, process and analyse
thermal dissipation sap flow data using the TREX r package. Methods Ecol Evol. 2021; 12:342-50.
https://doi.org/10.1111/2041-210X.13524

Aryal S, Hausser M, GrieB3inger J, Fan Z, Brauning A. “dendRoAnalyst”: A tool for processing and ana-
lysing dendrometer data. Dendrochronologia. 2020; 64:125772. https://doi.org/10.1016/j.dendro.2020.
125772

ROBERTS J, CABRAL O, FISCH G, MOLION L, MOORE C, SHUTTLEWORTH W. Transpiration from
an Amazonian rainforest calculated from stomatal conductance measurements. Agricultural and Forest
Meteorology. 1993; 65:175-96. https://doi.org/10.1016/0168-1923(93)90003-Z

Wagemann J, Thies B, Rollenbeck R, Peters T, Bendix J. Regionalization of wind-speed data to analyse
tree-line wind conditions in the eastern Andes of southern Ecuador. Erdkunde. 2015; 69:3—19. https:/
doi.org/10.3112/erdkunde.2015.01.01

Fleischbein K, Wilcke W, Valarezo C, Zech W, Knoblich K. Water budgets of three small catchments
under montane forest in Ecuador: experimental and modelling approach. Hydrol Process. 2006;
20:2491-507. https://doi.org/10.1002/hyp.6212

Wilcke W, Yasin S, Fleischbein K, Goller R, Boy J, Knuth J, et al. Water Relations. In: Beck E, Bendix J,
Kottke I, Makeschin F, Mosandl R, editors. Gradients in a Tropical Mountain Ecosystem of Ecuador.
Berlin, Heidelberg: Springer Berlin Heidelberg; 2008. pp. 193-201.

Moser G, Roéderstein M, Soethe N, Hertel D, Leuschner C. Altitudinal Changes in Stand Structure and
Biomass Allocation of Tropical Mountain Forests in Relation to Microclimate and Soil Chemistry. In:
Beck E, Bendix J, Kottke |, Makeschin F, Mosandl R, editors. Gradients in a Tropical Mountain Ecosys-
tem of Ecuador. Berlin, Heidelberg: Springer Berlin Heidelberg; 2008. pp. 229—-42.

Leuschner C, Zach A, Moser G, Homeier J, Graefe S, Hertel D, et al. The Carbon Balance of Tropical
Mountain Forests Along an Altitudinal Transect. In: Bendix J, Beck E, Brauning A, Makeschin F,
Mosandl R, et al., editors. Ecosystem Services, Biodiversity and Environmental Change in a Tropical
Mountain Ecosystem of South Ecuador. Berlin, Heidelberg: Springer Berlin Heidelberg; 2013. pp. 117—
39.

PLOS ONE | https://doi.org/10.1371/journal.pone.0282397 March 31, 2023 20/21


https://doi.org/10.1111/j.1744-7429.2009.00547.x
https://doi.org/10.1111/gcb.12649
http://www.ncbi.nlm.nih.gov/pubmed/24890749
https://doi.org/10.1046/j.1365-3040.1999.00513.x
https://doi.org/10.1051/forest:19850204
https://doi.org/10.1093/treephys/21.1.19
http://www.ncbi.nlm.nih.gov/pubmed/11260820
https://doi.org/10.1093/treephys/28.12.1821
http://www.ncbi.nlm.nih.gov/pubmed/19193565
https://doi.org/10.1111/2041-210X.13524
https://doi.org/10.1016/j.dendro.2020.125772
https://doi.org/10.1016/j.dendro.2020.125772
https://doi.org/10.1016/0168-1923%2893%2990003-Z
https://doi.org/10.3112/erdkunde.2015.01.01
https://doi.org/10.3112/erdkunde.2015.01.01
https://doi.org/10.1002/hyp.6212
https://doi.org/10.1371/journal.pone.0282397

PLOS ONE

Trees with anisohydric behaviour as main drivers of nocturnal evapotranspiration

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Andrade JL, Meinzer FC, Goldstein G, Holbrook NM, Cavelier J, Jackson P, et al. Regulation of water
flux through trunks, branches, and leaves in trees of a lowland tropical forest. Oecologia. 1998;
115:463-71. https://doi.org/10.1007/s004420050542 PMID: 28308265.

Franks PJ, Drake PL, Froend RH. Anisohydric but isohydrodynamic: seasonally constant plant water
potential gradient explained by a stomatal control mechanism incorporating variable plant hydraulic con-
ductance. Plant Cell Environ. 2007; 30:19-30. https://doi.org/10.1111/j.1365-3040.2006.01600.x
PMID: 171778783.

Tardieu F, Simonneau T. Variability among species of stomatal control under fluctuating soil water sta-
tus and evaporative demand: modelling isohydric and anisohydric behaviours. J Exp Bot. 1998;
49:419-32. https://doi.org/10.1093/jxb/49.Special_Issue.419

Martinez-Vilalta J, Poyatos R, Aguadé D, Retana J, Mencuccini M. A new look at water transport regula-
tion in plants. New Phytol. 2014; 204:105-15. Epub 2014/07/02. https://doi.org/10.1111/nph.12912
PMID: 24985508.

Hochberg U, Rockwell FE, Holbrook NM, Cochard H. Iso/Anisohydry: A Plant-Environment Interaction
Rather Than a Simple Hydraulic Trait. Trends Plant Sci. 2018; 23:112-20. Epub 2017/12/06. https://
doi.org/10.1016/j.tplants.2017.11.002 PMID: 29223922.

Klein T. The variability of stomatal sensitivity to leaf water potential across tree species indicates a con-
tinuum between isohydric and anisohydric behaviours. Funct Ecol. 2014; 28:1313-20. https://doi.org/
10.1111/1365-2435.12289

Meinzer FC, Woodruff DR, Marias DE, Smith DD, McCulloh KA, Howard AR, et al. Mapping ’hydro-
scapes’ along the iso- to anisohydric continuum of stomatal regulation of plant water status. Ecol Lett.
2016; 19:1343-52. hitps://doi.org/10.1111/ele.12670 PMID: 27604411.

Kumagai T, Porporato A. Strategies of a Bornean tropical rainforest water use as a function of rainfall
regime: isohydric or anisohydric. Plant Cell Environ. 2012; 35:61-71. https://doi.org/10.1111/j.1365-
3040.2011.02428.x PMID: 21933196.

Yoshifuji N, Kumagai T, Ichie T, Kume T, Tateishi M, Inoue Y, et al. Limited stomatal regulation of the
largest-size class of Dryobalanops aromatica in a Bornean tropical rainforest in response to artificial soil
moisture reduction. J Plant Res. 2020; 133:175-91. Epub 2019/12/19. https://doi.org/10.1007/s10265-
019-01161-3 PMID: 31858360.

Fisher RA, Williams M, Do Vale RL, Da Costa AL, Meir P. Evidence from Amazonian forests is consis-
tent with isohydric control of leaf water potential. Plant Cell Environ. 2006; 29:151-65. hitps://doi.org/
10.1111/j.1365-3040.2005.01407.x PMID: 17080631.

Shimazaki K, Doi M, Assmann SM, Kinoshita T. Light regulation of stomatal movement. Annu Rev Plant
Biol. 2007; 58:219-47. https://doi.org/10.1146/annurev.arplant.57.032905.105434 PMID: 17209798.

Barbour MM, Buckley TN. The stomatal response to evaporative demand persists at night in Ricinus
communis plants with high nocturnal conductance. Plant Cell Environ. 2007; 30:711-21. https://doi.
org/10.1111/j.1365-3040.2007.01658.x PMID: 17470147.

Schuster A-C, Burghardt M, Riederer M. The ecophysiology of leaf cuticular transpiration: are cuticular
water permeabilities adapted to ecological conditions. J Exp Bot. 2017; 68:5271-9. https://doi.org/10.
1093/jxb/erx321 PMID: 29036342.

Machado R, Loram-Lourencgo L, Farnese FS, Alves RDFB, Sousa LF de, Silva FG, et al. Where do leaf
water leaks come from? Trade-offs underlying the variability in minimum conductance across tropical
savanna species with contrasting growth strategies. New Phytol. 2021; 229:1415-30. Epub 2020/10/
21. https://doi.org/10.1111/nph.16941 PMID: 32964437.

Liu X, Zhang B, Zhuang J-Y, Han C, Zhai L, Zhao W-R, et al. The Relationship between Sap Flow Den-
sity and Environmental Factors in the Yangtze River Delta Region of China. Forests. 2017; 8:74.
https://doi.org/10.3390/f8030074

Strobl S, Cueva E, Silva B, Knuesting J, Schorsch M, Scheibe R, et al. Water relations and photosyn-
thetic water use efficiency as indicators of slow climate change effects on trees in a tropical mountain
forestin South Ecuador. Ecological Indicators. 2017; 83:550-8. https://doi.org/10.1016/j.ecolind.2016.
12.021

PLOS ONE | https://doi.org/10.1371/journal.pone.0282397 March 31, 2023 21/21


https://doi.org/10.1007/s004420050542
http://www.ncbi.nlm.nih.gov/pubmed/28308265
https://doi.org/10.1111/j.1365-3040.2006.01600.x
http://www.ncbi.nlm.nih.gov/pubmed/17177873
https://doi.org/10.1093/jxb/49.Special%5FIssue.419
https://doi.org/10.1111/nph.12912
http://www.ncbi.nlm.nih.gov/pubmed/24985503
https://doi.org/10.1016/j.tplants.2017.11.002
https://doi.org/10.1016/j.tplants.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29223922
https://doi.org/10.1111/1365-2435.12289
https://doi.org/10.1111/1365-2435.12289
https://doi.org/10.1111/ele.12670
http://www.ncbi.nlm.nih.gov/pubmed/27604411
https://doi.org/10.1111/j.1365-3040.2011.02428.x
https://doi.org/10.1111/j.1365-3040.2011.02428.x
http://www.ncbi.nlm.nih.gov/pubmed/21933196
https://doi.org/10.1007/s10265-019-01161-3
https://doi.org/10.1007/s10265-019-01161-3
http://www.ncbi.nlm.nih.gov/pubmed/31858360
https://doi.org/10.1111/j.1365-3040.2005.01407.x
https://doi.org/10.1111/j.1365-3040.2005.01407.x
http://www.ncbi.nlm.nih.gov/pubmed/17080631
https://doi.org/10.1146/annurev.arplant.57.032905.105434
http://www.ncbi.nlm.nih.gov/pubmed/17209798
https://doi.org/10.1111/j.1365-3040.2007.01658.x
https://doi.org/10.1111/j.1365-3040.2007.01658.x
http://www.ncbi.nlm.nih.gov/pubmed/17470147
https://doi.org/10.1093/jxb/erx321
https://doi.org/10.1093/jxb/erx321
http://www.ncbi.nlm.nih.gov/pubmed/29036342
https://doi.org/10.1111/nph.16941
http://www.ncbi.nlm.nih.gov/pubmed/32964437
https://doi.org/10.3390/f8030074
https://doi.org/10.1016/j.ecolind.2016.12.021
https://doi.org/10.1016/j.ecolind.2016.12.021
https://doi.org/10.1371/journal.pone.0282397

