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A B S T R A C T   

Young secondary tropical forests occupy a larger area than mature forests nowadays but our understanding of 
their ecohydrological functioning, particularly with respect to tree water uptake, remains poor. Deep soil water 
uptake may make mature forests resilient to periods of water stress, but little is known in this regard for young 
forests with possibly less extensive root networks. We, therefore, studied sap flow dynamics for one year in two 
50 m x 50 m forest plots: a young secondary forest (YSF, 5–7 years) and a semi-mature forest (SMF; 20 years) in 
montane eastern Madagascar. Temporal variations in the depth of water uptake were inferred from the stable 
isotope compositions of soil- and xylem water. Transpiration rates were low for both forest sites (265 and 462 
mm y− 1 for the YSF and SMF, respectively). Vapour pressure deficit and global radiation explained most of the 
variation in transpiration rates at both sites. There was little evidence of transpiration limitation by soil water, 
despite an extended dry season. Trees in the YSF extracted water mostly from the intermediate soil depth (30–70 
cm) during the dry season. In the SMF, the depth of uptake increased as the dry season progressed for some 
species (Abrahamia, Brachylaena and Cryptocaria), but not for others (Ocotea and Eugenia). Although the tran
spiration rates are low for both forests, they are comparable to results reported for other tropical montane sites 
after normalising for net energy input and leaf area. Estimated evapotranspiration totals (including interception 
loss, understorey and litter evaporation) were 679 mm and 1063 mm y− 1 for the YSF and SMF, respectively (42% 
and 61% of precipitation, respectively). These results suggest that the stage of forest regrowth affects water 
uptake, and thus the water balance during forest succession.   

1. Introduction 

The global terrestrial evaporative flux is dominated by plant tran
spiration (Good et al., 2015; Jasechko et al., 2013; Schlesinger and 
Jasechko, 2014), thereby affecting water availability and climate 
(Andréassian, 2004; Bonan, 2016; Ellison et al., 2017; Law et al., 2002). 
Given the important role of transpiration, an in-depth understanding of 
plant water uptake, and how it is affected by soil water availability is 
vital for developing effective regional and global models for the pre
diction of the ecological and hydrological impacts of climate- and 

land-cover change (Alkama and Cescatti, 2016; Bonan, 2008; Devaraju 
et al., 2015; Foley et al., 2007; Hu et al., 2018; Peng et al., 2014; Von 
Randow et al., 2019). 

Forests are still being converted to agricultural land through slash- 
and-burn in many tropical areas (Curtis et al., 2018; Heinimann et al., 
2017; Li et al., 2018). The fields are typically abandoned after a few 
years of cultivation because of decreases in crop yields and invasion of 
weeds (Styger et al., 2007; van Vliet et al., 2012). As a result, many 
tropical landscapes nowadays consist of a mosaic of mature forest 
remnants, crop land, and vegetation at different stages of regrowth, with 
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(young) secondary forests often occupying a larger area than the 
remaining mature forest (Chazdon, 2014; FAO, 2016). However, the 
ecohydrological functioning of tropical secondary forests is still poorly 
understood (Bretfeld et al., 2018; Ghimire et al., 2018; Giambelluca, 
2002; cf. Mukul and Herbohn, 2016). 

Various studies have documented the changes in rainfall interception 
during regrowth of tropical forests (Ghimire et al., 2017; Hölscher et al., 
2003; Hölscher et al., 1998; Kunert et al., 2015; Macinnis-Ng et al., 
2014; Zimmermann et al., 2013), but much less is known about the 
corresponding changes in transpiration and the relative importance of 
the key factors that affect it at different successional stages (Berry et al., 
2017; Bretfeld et al., 2018; cf. Kunert et al., 2015). Previous work has 
shown that transpiration during the first 2.5–4.5 years of lowland 
tropical forest succession tends to be less than that of old-growth forest 
(Hölscher et al., 1997; Sommer et al., 2002). There is also some evidence 
that transpiration rates during the intermediate growth stage (~15–25 
years) may exceed those of mature forest (Giambelluca et al., 2000; von 
Randow et al., 2020) because the maximum stomatal conductance of 
early successional tropical species tend to be higher than those of 
late-successional ones (Juhrbandt et al., 2004; von Randow et al., 2020). 
Although advected energy from warmer deforested areas may have 
enhanced transpiration in some cases (Giambelluca et al., 2000; Giam
belluca et al., 2003; Hölscher et al., 1997), similar patterns of declining 
transpiration rates after a peak at an intermediate age have been re
ported for some types of regenerating temperate broad-leaf forests 
(Roberts et al., 2001; Vertessy et al., 2001). 

Tree transpiration and root water uptake depend on biological fac
tors, such as species, wood anatomical properties, tree size, rooting 
depth, and leaf surface area, as well as environmental factors, such as 
available radiation, atmospheric vapour pressure deficit (VPD), wind 
speed, and soil water availability. For a given climatic condition, bio
logical factors and water availability are the key determinants of tran
spiration (Bretfeld et al., 2018; Ghimire et al., 2018; McJannet et al., 
2007; O’Grady et al., 1999). Therefore, investigating transpiration 
under conditions of varying water availability can provide important 
insights into the response of vegetation to seasonal variations in pre
cipitation or a drying climate (Bretfeld et al., 2018; Hu et al., 2018; 
Nepstad et al., 2002; Schwendenmann et al., 2010). 

Whether – and to what extent – reduced soil moisture availability 
will reduce transpiration rates during dry periods depends also on the 
depth of plant water uptake. The stable isotope signature (δ2H and/or 
δ18O) of soil and xylem water can be used to determine the source of tree 
water use. Based on the degree of overlap in the isotopic compositions of 
xylem water and soil water at different depths, Amin et al. (2020) sug
gested that trees in seasonally dry tropical areas predominantly use 
water from deeper soil layers. Indeed, several studies have shown that 
transpiration rates were sustained or even increased during the dry 
season because the trees were able to access deeper soil water resources 
(Jackson et al., 1995; Meinzer et al., 1999; Querejeta et al., 2007; 
Querejeta et al., 2006; Schwendenmann et al., 2015). Trees in eastern 
Amazonia were similarly insensitive to dry upper-soil conditions due to 
their ability to access water from deeper soil layers (Oliveira et al., 
2005). However, for a tropical montane forest in eastern Mexico the 
depth of tree water uptake became shallower as the dry season pro
gressed due to nutrient limitations (Muñoz-Villers et al., 2018). Little 
information is available in this regard for secondary tropical forests at 
different growth stages (Pineda-García et al., 2013), although inferences 
of the general depth of water uptake during different seasons beneath 
young regrowth in Amazonia have been made based on soil water 
depletion observations (Sommer et al., 2003). 

It is important to understand whether – and under what conditions – 
transpiration rates in young and older secondary forests may become 
limited by soil moisture deficits, and if the vegetation responds to dry 
conditions by changing the depth of water uptake. For example, Bretfeld 
et al. (2018) showed that early successional forests in Panama were 
more vulnerable to drought stress than late successional forest, and 

tentatively attributed this to a greater proportion of deep water use by 
the larger trees of the older forest. To better understand transpiration 
rates in secondary forests at different stages of succession, and how 
water uptake is affected by seasonal soil moisture availability, we 
instrumented two differently aged secondary forests in eastern 
Madagascar: a young secondary forest (YSF, 5–7 years old) and a 
semi-mature forest (SMF, ~20 years). We conducted concurrent mea
surements of microclimate, sap flow and soil moisture content, in 
combination with xylem- and soil water sampling and stable isotope 
analysis, over a full seasonal cycle to characterise changes in transpi
ration rates and depth of water uptake for selected tree species. More 
specifically, we address the following questions:  

a) How do tree transpiration rates differ for a young- and semi-mature 
secondary forest?  

b) What are the main drivers of transpiration for a young and semi- 
mature forest and is transpiration affected by soil moisture?  

c) Does tree water uptake shift to deeper water sources as the dry 
season progresses? 

2. Material and methods 

2.1. Study site description 

The study was conducted near Andasibe in the southern part of the 
Ankeniheny-Zhamena Corridor (CAZ) in eastern Madagascar (18.9

◦

S, 
48.4

◦

E; Figure S1). The tropical monsoonal climate is characterised by 
two seasons: a warm, rainy season from November to April; and a cooler, 
dry season from May to October. Mean (± standard deviation, SD) 
annual precipitation measured at Andasibe (990 m a.s.l.) for the period 
1983–2013 was 1625 ± 260 mm (Météo Madagascar, unpublished 
data). The rainy season brings about 75% of the annual total precipi
tation. The wettest months are January and February, which together 
account for 36 ± 7% of annual precipitation on average (average 
monthly precipitation totals of 303 ± 145 mm and 290 ± 98 mm, 
respectively; Météo Madagascar, unpublished data). September is the 
driest month with an average monthly precipitation of 35 ± 17 mm (2 
± 1% of the annual precipitation). Average monthly temperatures at 
Andasibe range from 15◦C in July to 22◦C in December (1983–2013). 
The average monthly relative humidity between October 2014 and 
November 2015 varied from 85% in October to 94% in July. Average 
monthly wind speeds during the same period were < 2 m s− 1. Further 
climatic information is presented in Results Section 4.1. 

Long-term practicing of slash-and-burn agriculture in the area has 
resulted in a highly fragmented landscape that is composed of rain forest 
remnants, secondary forests at various stages of regrowth and young 
fallow vegetation on recently abandoned land, along with fire-climax 
grassland, scattered agricultural fields and villages (Horning & Hew
son, 2017). The measurements were taken in two 50 m x 50 m forest 
plots: a young secondary forest (YSF, 5–7 years old) and a semi-mature 
forest (SMF, ~20 years old) (Table 1), located ca. 2.5 km apart. The two 
plots are located on fairly steep slopes (15–20o) and underlain by deeply 
weathered gneissic rocks. The YSF is located on a northwest-facing slope 
at ~ 990 m a.s.l. and the SMF on a northeast-facing slope at ~950 m a.s. 
l. Both the YSF and SMF stands extended beyond the 50 m x 50 m plot 
boundaries for another 20-100 m (depending on direction). The stands 
were surrounded by mixed trees and shrubs or trees of similar age as the 
study sites. A such, edge effects (i.e., increased diurnal amplitudes for 
temperature, humidity, radiation, and wind speed close to the forest 
edge; cf. Giambelluca et al., 2003; Kunert et al., 2015) were considered 
to be small or negligible. The soils have a clay (YSF) to clay-loam (SMF) 
texture (Table 1). Soil organic carbon content and saturated hydraulic 
conductivity decrease rapidly with depth at both sites (Table 1). 

The evergreen YSF site was covered by lower montane rain forest 
before it was cut and burned for the first time in living memory for rice 
cultivation in 1990. It subsequently underwent three cycles of slash-and- 
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burn cultivation during a period of ~10 years. Several indigenous tree 
species were planted at the site as part of a reforestation programme in 
2000, but these were rapidly out-competed by naturally regenerating 
Psiadia altissima (DC.) Drake and invasive shrubs. At the start of the 
measurements (October 2014), the YSF consisted mostly of P. altissima 
trees (95% of overall stem density), with native Cassinopsis mada
gascariensis Bail. and Harungana madagascariensis Lam. ex Poir. together 
occupying less than 5% of the overall stem density. The vast majority of 
trees were similarly sized: 85% of all stems with a diameter at breast 
height (DBH) ≥ 5 cm belong to the 5–7 cm diameter class, 14% to the 
7–9 cm class, and 1% to the 9–11 cm class. The understorey was 
dominated by invasive Rubus moluccanus L., Lantana camara L. and 
Clidemia hirta (L.) D. Don, with an estimated LAI of 0.47 (Ghimire et al., 
2018). 

The evergreen SMF has not been cleared, burned or cultivated in 
living memory but was subject to illegal logging until 1995. It is now a 
protected forest. Many of the trees re-sprouted naturally and were thus 
ca. 20 years old at the time of the study. Approximately 65% of all trees 
with a DBH ≥ 5 cm had a diameter of 5–10 cm, while 33% had a DBH of 
10–20 cm. The plot contained 72 species. The six dominant species were 
Abrahamia ditimena (H. Perrier) Randrian. & Lowry, Brachylaena rami
flora (DC.) Humbert, Cryptocaria sp., Ocotea samosa, Eugenia spp., and 
Leptolaena Thouars s.s., which together comprised 35% of the overall 
stem density. The SMF had a well-developed understorey. 

2.2. Micrometeorological and soil moisture measurements 

The measurements were taken between 1 October 2014 and 30 
September 2015. Air temperature (T,

◦

C) and relative humidity (RH, 
percentage of saturation) were measured inside a radiation shield at 
both sites (Skye Instruments Ltd., UK). Wind speed (m s− 1) was 
measured using an A100R digital anemometer (Vector Instruments, UK). 
Measurements were taken at 30 s intervals, and 10-min averages were 
recorded on DataHog2 loggers (Skye Instruments Ltd., UK). At the YSF, 
the micrometeorological measurements were made at 2 m above the 
forest canopy using a 7 m mast. Due to the high stem density and tall 
trees, it was not feasible to erect a tower above the canopy in the SMF. 

Therefore, measurements were made on a 10 m mast in a nearby (~100 
m away) clearing. 

Incident precipitation (P, mm) was measured at each site using a 
tipping bucket rain gauge (Rain Collector II, Davis Instruments, USA; 0.2 
mm per tip) that was installed at 1 m above the soil surface. A manual 
rain gauge (CM1016 Skyview, UK; 10 cm orifice diameter) was used to 
check the data from the recording gauges. 

Volumetric soil moisture contents (θ) were measured at 5, 15, 40, 75, 
110 and 160 cm below the surface at each site using water content re
flectometers (CS616, Campbell Scientific Ltd., USA). The 5-min data 
were recorded on a CR1000 data-logger (Campbell Scientific Ltd., USA). 
Total soil water storage (mm) was calculated for the 0–30, 30–70 and 
70–160 cm depth intervals by summing the multiplication of the mois
ture content and the distance between the sensors within these depth 
intervals. We made a rough estimate of the amounts of water that is not 
available to plants (i.e., the residual moisture content) based on the soil 
water retention curves derived using the ROSETTA model (Schaap et al., 
2001) and the bulk density and texture of the soil at each plot. 

Incoming short-wave radiation (Rs) was measured every 30 sec at an 
automatic weather station located at 965 m a.s.l. in a grassland clearing 
(1.0 km from the SMF and 1.5 km from the YSF) using a CM6B- 
pyranometer (Kipp and Zonen, The Netherlands). The 5-min averages 
were recorded on a Campbell Scientific Ltd. CR1000 data-logger. The 
pyranometer was used on several occasions to measure the reflected 
short-wave radiation above the YSF. The resulting average albedo (0.15) 
was used together with the Rs as measured in the grassland clearing to 
compute the short-wave component of net radiation (Rn) for the YSF. It 
was not possible to measure the reflected short-wave radiation above the 
SMF due to the tall trees and uneven height of the canopy. Instead, the 
albedo value (0.135) for a 25-year-old tropical montane forest in 
northern Thailand (Giambelluca et al., 1999) was used to estimate the 
short-wave component of Rn for the SMF. The net long-wave radiation 
was estimated for both sites using a Brunt-type formula based on the 
locally measured temperature and relative humidity (Brutsaert, 2005). 
The soil heat flux (G) was computed based on soil temperatures (van der 
Tol, 2012) measured at 2, 5, 15 and 40 cm below the surface (HOBO 
TMC thermistors) in the YSF. These calculations suggested that G was 
very small. Similarly, measurement of G with a HFPO1 heat flux plate 
(Hukseflux, The Netherlands) at 5 cm depth in the SMF suggested G to be 
<1% of Rn. 

2.3. Sap flux density, whole-tree water use and stand water use 

2.3.1. Field measurements 
The sap flux density (Jp) was measured between 1 October 2014 and 

30 September 2015 in twelve trees in the YSF and twenty trees in the 
SMF using the thermal dissipation probe method (TDP; Granier, 1985). 
Trees selected for the measurements represented the DBH range and 
dominant species in the two plots (cf. Reyes-Acosta and Lubczynski, 
2014; Table S1). Their DBH ranged from 6 to 22 cm. Each tree was 
equipped with one TDP-sensor, placed on the southern side of the trunk 
to minimise sun-exposure and insulated using a locally made radiation 
shield. Sap flux density (Jp in cm3 cm− 2 h− 1) was calculated from dif
ferences in the temperature using the original empirical equation 
derived by Granier (1987), and therefore may not represent the correct 
absolute values of Jp for which species-specific calibrations may be 
needed (cf. Flo et al. 2019). However, cut-stem segment experiments 
that are used to derive species-specific calibrations under relatively 
stable conditions in the laboratory, only provide a snapshot of the per
formance of a given sap flow method and do not fully portray the natural 
conditions experienced by plants in the field (Peters et al., 2018; Flo 
et al., 2019). 

The measured natural thermal gradients (NTG) between the two 
temperature-sensing needles per sensor were <0.2◦C for all instru
mented trees. Therefore, following Do and Rocheteau (2002), the NTG 
effect on measured Jp was assumed to be negligible. To account for 

Table 1 
Characteristics of the YSF and the SMF study plots. Average values are given 
with their standard deviation (±SD). Both plots were 50 m x 50 m in size.   

YSF SMF 

Elevation (m.a.s.l.) 990 950 
Latitude (S) 18.9472

◦

18.9317
◦

Longitude (E) 48.3953
◦

48.4117
◦

Aspect NW NE 
Slope 16

◦

18
◦

Basal area (m2 ha− 1) 6.3 35.5 
Stem density (stems ha− 1) 2133 5233 
Average (±SD) canopy height* (m) 5.0 (±0.3) 

(n=25) 
19 (±8) 
(n=54) 

Average (±SD) DBH (cm) 6.1 (±1.3) 
(n=61) 

9.3 (±4.0) 
(n=156) 

Average (and range) LAI** (m2 m− 2) 1.83 
(1.75–2.14) 

3.39 
(3.11–3.58) 

Average (±SD) sapwood area (cm2) 27.5 (±7.8) 
(n=20) 

173 (±103) 
(n=54) 

Sand/Silt/Clay (%) 23/27/50 35/26/39 
Median hydraulic conductivity 

(mm h− 1) 
0–10 cm 981 745 
10–20 
cm 

27 58 

20–30 
cm 

1 3 

Average (±SD) soil organic carbon 
content ***(g kg− 1) 

10 cm 38 (±4) 51 (±6) 
30 cm 23 (±7) 30 (±5) 
100 cm 2.5 (±1.2) 4.3 (±0.6)  

* Determined using a Nikon Forestry Pro Laser Rangefinder. 
** Determined using a Licor LAI 2000 Plant Canopy Analyzer. 
*** After Razakamanarivo et al. (2017). 
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circumferential variation in Jp (cf. Alvarado-Barrientos et al., 2013; 
Nadezhdina et al., 2002), four TDP sensors were inserted at different 
azimuths (North, South, East and West) in three dominant tree species in 
the SMF (A. ditimena, B. ramiflora and Cryptocaria) for at least five 
continuous days in February and August (Figure S3). The sap flux den
sity values obtained at the four azimuths were used to derive a 
circumferential correction factor for each period (Ghimire et al., 2014; 
Lu et al., 2000). The average correction factor (0.99) was used for all 
trees in the SMF. Circumferential variation in JP was considered negli
gible for the small trees in the YSF. 

To investigate radial variation in Jp, the heat field deformation 
method (HFD; Nadezhdina et al. (2002) was used. The HFD sensors (ICT 
international, Australia) consisted of one 1.6 mm diameter heater needle 
and three temperature-sensing needles.. The HFD probe had eight 
measurement points (each spaced 10 mm apart), with the first, located 5 
mm inwards from the cambium and the last at 75 mm. Radial sap flow 
patterns were measured in three tree species (A. ditimena, B. ramiflora 
and Cryptocaria) in the SMF for at least two consecutive days in October 
and February. The radial correction factors across the entire sapwood 
depth were derived following Poyatos et al. (2007) and the average 
value was applied to all monitored trees in the SMF. Given the small 
stems of the trees in the YSF (Table 1) and the fact that the ratio of the 
area of the outermost 2 cm of sapwood (which typically exhibits higher 
Jp-rates) to the entire sapwood area was greater than 0.78 for all the 
investigated trees, the effect of radial variation in Jp in the trees of the 
YSF was considered negligible. 

2.3.2. Calculation of stand level transpiration rate (Et) 
Whole-tree water use (sap flow rate Qt, cm3 h− 1) was estimated by 

multiplying the sap flux density Jp times the conductive xylem area (Ax, 
cm2) for each tree. Sapwood depth was estimated visually from wood 
cores of 20 trees in the YSF and of 52 trees in the SMF and were verified 
using a staining method (Grissino-Mayer, 2003; Lubczynski et al., 2017; 
Rust, 1999). The cores were extracted at the end of the measurement 
period at breast height using an increment borer. 

The water use of the sampled trees was scaled to the stand level to 
estimate the transpiration per unit area of land (Et, in mm) for both the 
YSF and SMF. This was done in three steps. First, simple least-squares 
regressions between stem cross-sectional stem area (As, cm2) and 
sapwood area (Ax, cm2) were derived (YSF: Ax= 0.94 As – 1.8, R2=1.0, 
n=20; SMF: Ax=0.90 As – 7.8, R2 = 0.99, n = 52) to estimate stand-level 
sapwood area from the cross-sectional stem area per plot. We did not 
observe any heartwood in the majority of the examined trees in the SMF. 
Therefore, sapwood depth and DBH data for all 52 sampled trees from 
the SMF were combined to develop a single least-squares regression. The 
equation was subsequently used with the measured DBH for all trees in 
the study plots to estimate the total Ax for the SMF. Second, total sap 
flow per forest site was estimated by multiplying the average sap flux 
density for all measured trees by the total sapwood area. Note that this 
neglects any effect of variability in Jp between species because a single 
overall average value was used for Jp. Several studies have shown that 
transpiration from a small number of dominant large trees in species- 
rich tropical montane forest can account for the majority of water lost 
from a forest canopy (Berry et al., 2017; Horna et al., 2011; McJannet 
et al., 2007). As such, and in view of the relatively small differences in 
average sap flux densities between the dominant tree species in the SMF 
(Table 4), the effect of inter-species variation in Jp on the annual 
stand-level sap flow total was considered minimal. Finally, to estimate 
transpiration per unit area of land (Et), the total daily sap flow was 
divided by the plot area, corrected for the slope. 

2.3.3. Data analysis 
Daily average sap flow (Q, kg d− 1) was calculated for the wet season 

(November–April) and the dry season (May–October) for each measured 
tree and species. The average Q-values for the dry and the wet season 
were used in a one-sided paired sample t-test to determine the 

significance of the difference in average rates for the trees in the YSF and 
SMF, respectively. 

Average sap flow rates at each site were plotted against key micro- 
meteorological variables and soil water storage. This was done for 
daily averages, as well as for 30-min averages (excluding values ob
tained before 07:00 h and after 17:00 h to avoid bias towards extremely 
low night-time values of Q). Vapour pressure deficits (VPD) were 
calculated for each site using locally measured humidity and tempera
ture data (cf. Allen et al., 1998). To determine the explanatory power of 
the meteorological variables and soil water storage for daily average sap 
flow, the R (Development Core Team, 2011) package “relaimpo” was 
used with the recommended “lmg” method (Groemping, 2006). The 
method calculates the relative contribution of each predictor to the R2 of 
a linear model but considers the sequence in which the predictors appear 
in the model. In other words, it partitions the R2 multiple times by 
varying the order of the regressors and then takes the average. This 
analysis was conducted for the entire year, the wet season, and the dry 
season using the average sap flow data per site. For the SMF, this was 
also done per sampled tree species. 

2.4. Source of transpiration 

2.4.1. Field sampling 
Stable isotope samples were taken in May 2015 (transition from wet 

to dry conditions) and August 2015 (cool, dry season). Unfortunately, 
samples were not collected during the 2015 wet season (January–Feb
ruary). Additional samples were taken in December 2015. December 
normally marks the start of the wet season but in 2015 the wet season 
had not started in December and this sampling campaign is instead 
considered to be representative for the end of the dry season. 

During each campaign, xylem samples were taken from seven Psiadia 
altissima trees, three Lantana camara shrubs (>1.0 m tall), and three 
Rubus shrubs (>1.0 m, August and December sampling campaigns only) 
in the YSF. In the SMF, five dominant tree species were sampled: 
Abrahamia ditimena, Brachylaena ramiflora, Cryptocaria sp., Ocotea sa
mosa and Eugenia spp. (see Table 2 for tree characteristics). Each time, 
samples were taken from the same set of trees. Samples were obtained by 
cutting segments from well suberized branches of the trees and shrubs 
with the help of a ladder (YSF) or by climbing into the tree (SMF). 

On the same day as the twig sampling, soil samples were taken at 
depths of 0–10, 10–20, 30–50, 50–70, 70–90 and 90–110 cm below the 
surface at two (May 2015) or three (August and December 2015) soil pits 
(located approximately 10 m from each other) in each plot using a soil 
auger. All branch and soil samples were immediately stored in 50-ml 
glass vials and kept refrigerated until analysis. 

2.4.2. Laboratory analysis 
Water from soil and xylem material was extracted using the cryo

genic vacuum distillation method. The extractions and analyses for 
deuterium (2H) and oxygen (18O) isotopes were carried out at two 

Table 2 
Main characteristics (mean ± standard deviation) of the trees and shrubs 
selected for stable isotope analysis.  

Site Species Diameter (cm)* Tree height (m)** 

YSF Psiadia altissima (n =7) 8.5 ± 3.5 11.05 ± 8.4 
Lantana camara (n=3) ~2 - 
Rubus moluccanus (n=3)*** ~4 - 

SMF Abrahamia ditimena (n = 3) 15 ± 0.95 13.3 ± 5.6 
Brachylaena ramiflora (n = 3) 11.3 ± 3.3 10.6 ± 2.7 
Cryptocaria sp. (n = 3) 12.1 ± 4.8 6.6 ± 2.6 
Ocotea samosa (n =3) 7.6 ± 2.0 9.8 ± 2.6 
Eugenia spp. (n = 3) 8.5 ± 3.5 11.05 ± 8.4  

* Measured with a diameter tape. 
** Determined with a Nikon Forestry Pro Laser Rangefinder. 
*** Not sampled in May 2015. 
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different laboratories. All samples taken in May 2015 (transition from 
wet to dry season) were sent to the laboratory of the Chair of Hydrology 
at the University of Freiburg (Germany). Water was extracted using a 
Koeniger-style system (Koeniger et al., 2011) at ~130◦C for 120 min for 
plant materials and 60 min for soil. The water samples were analysed 
using a wavelength-scanned cavity ring-down spectrometer (L2130-I, 
Picarro, USA). Samples suspected to be contaminated with organic 
carbon compounds were excluded from analysis. The ±1σ measurement 
uncertainty of the spectrometer was ± 0.16‰ for δ18O and ± 0.6‰ for 
δ2H. 

All samples collected in September 2015 (dry season) and December 
2015 (end of dry season) were sent to the Global Institute for Water 
Security, University of Saskatchewan, Saskatoon, Canada. The water 
was extracted from the samples on a Koeniger-style system for 15 min at 
200◦C. An elementary Isoprime isotope ratio mass spectrometer (IRMS) 
was coupled with a vaporizing module (A0211 high-precision vaporizer) 
to eliminate noise from organic compounds (Martín-Gómez et al., 2015). 
The ±1σ measurement uncertainty was ±0.2‰ and ±1.0‰ for δ18O 
and δ2H, respectively. 

The isotope ratios are reported using the conventional delta notation 
relative to the Vienna Standard Mean Ocean Water standard (‰). For all 
samples, we also calculated the Line Conditioned-Excess (LC-Excess), 
which is the deviation of δ2H from the Local Meteoric Water Line 
(LMWL) (Landwehr and Coplen, 2004). The LMWL was based on 30 
precipitation samples from the study sites and a nearby station (< 5 km 
away at 940 m a.s.l.). Although actual LC-Excess values are affected by 
the uncertainties in the LMWL, comparisons of LC-excess values are still 
possible because all samples were compared to the same LMWL. 

2.4.3. Isotope-based mixing analysis 
The graphical xylem-soil water isotopic comparison (Brunel et al., 

1995) and MixSIAR model (Stock et al., 2018; Stock & Semmens, 2016) 
were used to infer the main source (depth) of water uptake for the three 
sampling periods. The advantage of the MixSIAR Bayesian framework is 
that it accounts for uncertainties in the isotopic composition of the soil 
water and xylem water. The Bayesian mixing model determines the 
probability distributions of the multiple source contributions. Both site 
(i.e. YSF or SMF) and tree species were used as fixed effects in the model. 
Soil samples were pooled as follows: shallow soil (0–10 cm and 10–20 
cm; layer D1), which reflects the zone of high saturated hydraulic con
ductivity (Table 1) and dense rooting (Andriamananjara et al., 2016), 
the intermediate soil depth (30–50 cm and 50–70 cm; D2), where few 
roots were observed, and the deep soil (70–90 cm and 90–110 cm; D3), 
where roots were virtually absent and soil moisture changed very little 
during the study period (see Results Section 4.1). We did not use an 
informative prior distribution for the mixing model and set the isotope 
discrimination factors to zero (i.e., we assumed that fractionation during 
root water uptake and evaporation from suberized stems was negligible; 
Ehleringer and Dawson, 1992). 

We report both the Bayesian credibility intervals and median values. 
However, the reported values only provide an approximate indication of 
the water uptake depth because the isotope-based method has several 
limitations (see Phillips and Gregg, 2003; Asbjornsen et al., 2007; Penna 
et al., 2018; Rothfuss and Javaux 2017; Barbeta et al., 2020; von Frey
berg et al., 2020). For example, the isotopic composition of soil water 
tends to vary spatially due to preferential flow, as well as with depth 
(Sprenger and Allen, 2020) and may depend on the pore sizes sampled 
(e.g., Sprenger et al., 2019). Furthermore, the method does not take into 
account the possibility that xylem water can include water from deeper 
(unsampled) depths in the soil. Cryogenic extraction of soil water, which 
contains both the mobile water and matrix water (Orlowski et al., 2016; 
Penna et al., 2018; Beyer and Penna, 2021), may affect the isotopic 
composition of the soil water. This is particularly an issue for clay-rich 
soils (Adams et al., 2020; Orlowski and Breuer, 2020; Orlowski et al., 
2016; Orlowski et al., 2018). Similarly, a cryogenically extracted water 
from the trees contains all water from plant tissue, not just the xylem 

water, and the presence of bark may affect the isotopic composition of 
the samples (e.g., Zuecco et al., 2020; Nehemy et al., 2022; Barbeta 
et al., 2022; Engel et al., 2022).Finally, it can take several hours to weeks 
for water taken up by the roots to reach the canopy (Gaines et al., 2016; 
Mennekes et al., 2021; Aguzzoni et al. 2022). 

2.5. Estimation of total evapotranspiration (ET) 

To derive estimates for the seasonal and annual evapotranspiration 
(ET) for the two sites, the total tree transpiration (Et) was adjusted to 
include understorey transpiration. For the more open YSF, understorey 
transpiration was assumed to be 20% of Et based on the LAI of the 
understorey shrubs (~28% of the total LAI; Ghimire et al. (2018)) and 
partial shading (Motzer et al., 2005). For the denser SMF, a value of 5% 
was adopted following observations by Holwerda et al. (2016) in a lower 
montane forest of comparable stature and subject to very similar cli
matic conditions in Eastern Mexico. Forest floor evaporation (Es) was 
simulated using the model of Waterloo et al. (1999) in combination with 
the measured water-holding capacity for the litter layer for the two sites 
(van Meerveld et al., 2021). Finally, we added the measured values of 
interception loss (Ei, based on 66 manual throughfall gauges and three 
recording troughs, plus five (YSF) to ten (SMF) stemflow gauges per 
forest (see Ghimire et al., 2017 for details)) to obtain the total ET. 

3. Results 

3.1. Micrometeorological and soil moisture conditions 

Between 1 October 2014 and 30 September 2015, a total of 1629 mm 
of rain was recorded at the YSF site and 1747 mm at the SMF. 
Approximately 80% of the total precipitation was delivered during the 
wet season (November 2014–April 2015) (Fig. 1). 

The average daily temperature at both sites was ~19◦C (~21◦C (both 
sites) in the wet season versus ~17◦C (YSF) and ~16◦C (SMF) in the dry 
season.). Average daily short-wave radiation Rs at the grassland site was 
181 W m− 2 (206 W m− 2 and 164 W m− 2 for wet and dry season, 
respectively; Fig. 1b), representing an overall average daily load of 
15.64 MJ m− 2 d− 1. The average daily VPD at both sites was 0.30 kPa, 
with average daily VPD values of ~ 0.35 kPa in the wet season versus 
0.20 kPa (both sites) in the dry season (Fig. 1b and S2). Thus, radiation 
and VPD were both higher during the warmer wet season than in the 
cooler dry season. This is reflected in the higher potential evapotrans
piration (PET) (calculated according to Turc, 1961) for the wet season 
(656 mm) than the dry season (494 mm). 

Soil moisture content in the top soil layer (5 and 15 cm depths) 
changed markedly during the study period at both sites, but there was 
comparatively little seasonal change in soil moisture below 40 cm depth 
(Fig. 1c and e). Moisture content was consistently higher for the more 
clayey soil of the YSF than at the SMF, and changes in topsoil moisture at 
the end of the wet season (March 2015) were larger for the YSF than the 
SMF (Fig. 1c and e; Table 3). 

3.2. Tree transpiration 

3.2.1. Diurnal variation in sap flux density during wet and dry seasons 
At both sites, average Jp increased rapidly in the morning as VPD and 

Rs increased, and generally reached a maximum around mid-day, and 
declined again during the afternoon (Figs. 2 and 3). These diurnal var
iations in Jp were similar for all species studied in the SMF but were 
slightly more gradual than for the Psiadia trees of the YSF. Pertinently, 
average Jp did not change appreciably after precipitation events during 
the dry season at either site (e.g. after the 40 mm event on 20 October 
2014, Fig. 3), suggesting that soil moisture availability had a limited 
impact on transpiration, even at the end of the dry season. 
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3.2.2. Radial and circumferential variations in sap flux density 
The highest flow rates for three dominant tree species at the SMF 

(Abrahamia, Brachylaena and Cryptocaria) were recorded at the outer
most (5 mm depth) measurement point (Fig. 4 and Supporting Fig. S3). 
The rate of decline in Jp with depth differed slightly between species, 
with maximum values at a depth of 75 mm being 12% of the maximum 
Jp at the outermost measurement point (Brachylaena and Cryptocaria sp.) 
to ~29% (Abrahamia) (Fig. 4). Circumferential variations in Jp were 
very small (Supporting Fig. S4). 

3.2.3. Seasonal variation in sap flow rates 
At both sites, sap flow rates were higher during the warmer, wet 

season than in the cooler, dry season (Table 4, Fig. 1d and f), but the 
paired t-test for average seasonal values per tree showed that the dif
ferences were statistically significant only for the SMF (p = 0.001; versus 

Fig. 1. Time series of (a) daily precipitation 
(mm d− 1) and daily average temperature (◦C), 
(b) vapour pressure deficit (kPa), (c) volu
metric soil moisture (%) at different depths, 
and (d) average day-time sap flow rate (cm3 

h− 1) at the YSF, as well as (e) soil moisture and 
(f) average day-time sap flow at the SMF be
tween 1 October 2014 and 30 September 
2015. Panel (b) also shows incoming short- 
wave radiation (W m− 2) measured at a 
nearby grassland site. Fig. S2 (Supplementary 
material) gives the corresponding time series 
for precipitation, temperature and VPD at the 
SMF. Note the difference in scale for the 
average daily sap flow rates for the YSF (d) 
and SMF (f).   

Table 3 
Average amounts of soil water (mm) stored at different depth intervals in the 
young secondary forest (YSF) and semi-mature forest (SMF) sites for the wet 
(November–April) and dry season (May–October). Values in parentheses are the 
amounts of plant available water (in mm) based on the estimated residual 
moisture content.  

Depth interval YSF SMF 
Wet Dry Wet Dry 

0–30 cm 88 (58) 64 (34) 86 (56) 55 (25) 
30–70 cm 152 (112) 136 (96) 124 (84) 100 (60) 
70–160 cm 425 (335) 390 (300) 294 (204) 260 (170)  
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0.251 for the YSF). The ratio of the average wet season sap flow rate to 
the average dry season sap flow rate varied between a low 1.1 for Cas
sipourea and 3.2 for Ludia mauritiana. Whole-tree sap flow rates were 
highest for Abrahamia (15.66 kg d− 1 in the wet season and 10.69 kg d− 1 

in the dry season) and lowest for Filicium decipiens (wet season: 3.97 kg 
d− 1; dry season: 1.72 kg d− 1; Table 4). For the Psiadia trees of the YSF, 
sap flow rates differed little between the wet (2.10 kg d− 1) and the dry 
season (1.95 kg d− 1), giving a wet season to dry season ratio of 1.1. 

3.2.4. Correlations with climatic factors and soil water storage 
Daily average and 30-min sap flow totals (Q, measured between 7:00 

and 17:00 h) increased with VPD up to ~1 kPa, and tended to level off at 
higher VPD values (Fig. 5a and e). Similarly, increases in Rs resulted in 
an almost linear increase in sap flow rates up to ~700 W m− 2, with 
smaller increases or no further change in sap flow for higher values of Rs 
(Fig. 5b and f). Air temperature had to exceed an apparent ‘threshold’ of 
ca. ~15

◦

C before sap flow rates increased almost linearly with temper
ature (Fig. 5c and g). Sap flow was not clearly related to average soil 

Fig. 2. Diurnal variations in vapour pressure deficit (orange line, top panels) and average sap flux density (Jp) (green lines, bottom panels), along with 30-min 
precipitation and water storage in the top 30 cm of the soil profile (blue line, top panels) for five days during the warm wet season for (a) the YSF and (b) the 
SMF study sites. The grey error bars for sap flux density indicate the standard error. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article). 

Fig. 3. Diurnal variations in vapour pressure deficit (orange line, top panels) and average sap flux density (Jp) (green lines, bottom panels), along with 30-min 
precipitation and moisture storage in the top 30 cm of the soil profile (blue line, top panels) for five days during the cool dry season for (a) the YSF and (b) SMF 
study sites. The grey error bars for sap flux density indicate the standard error. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article). 
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water storage in the top 30 cm of soil (Fig. 5d and h), or any other depth. 
The variations in average sap flow for the YSF and SMF, as well as 

those of the individual species in the SMF, were explained reasonably 
well by the climatic variables, with VPD and Rs explaining most of the 
variance (Fig. 6). Only a small part of the variance in sap flow was 
explained by soil water storage (all three depths together: 18% for the 
YSF and 10% for the SMF; Fig. 6), but this varied with species and was 
highest for Erythroxylum spp., followed by Abrahamia and Eugenia spp. 
(Fig. 6). Surprisingly, the variance in daily sap flow explained by soil 
water storage was larger for the wet season than for the dry season 
(Supporting Fig. S5). 

3.2.5. Transpiration by the tree stratum and stand evapotranspiration 
The total transpiration (Et) for the tree stratum was 265 mm for the 

YSF and 462 mm for the SMF. However, the two values were much more 
comparable after normalising for canopy LAI: 145 mm (YSF) and 136 
mm (SMF). For the YSF, Et was similar for the wet (135 mm; 51% of 

annual Et) and the dry season (130 mm; 49%). For the SMF, the wet- 
season Et was higher (269 mm; 58% of annual Et) than the dry-season 
total (193 mm; 42%). 

Total ET amounted to 679 mm y− 1 (42% of precipitation) for the YSF 
and 1063 mm y− 1 (61% of precipitation) for the SMF (Table 5). Overall 
transpiration (canopy plus estimated understorey transpiration) made 
up 46–47% of total ET in both forests, while interception evaporation 
(canopy plus forest floor) contributed 53–54%. Interception was more 
important than transpiration in the wet season for both sites (58–61% of 
ET; Table 5). 

3.3. Depth of soil water uptake 

3.3.1. Isotopic signatures of soil water and xylem water 
The xylem and soil water samples taken in May tended to plot below 

the poorly constrained Local Meteoric Water Line (LMWL) (Fig. 7a-b). In 
August and December, the soil water samples tended to plot slightly 
below the LMWL and the xylem water samples slightly above it. How
ever, the majority of the xylem and soil water samples taken in August 
and December plotted within the 95% prediction band of the precipi
tation samples (Fig. 7c-f). The average (± SD) Line Conditioned-Excess 
was –5.8 (±9.0)‰ for all xylem samples from the Psiadia trees of the 
YSF and -1.17 (±8.5)‰ for all sampled trees in the SMF. Corresponding 
values for soil water samples from the YSF and SMF were -10.4 (±5.6)‰ 
and -11.1 (±3.7)‰, respectively. 

The soil water isotopic composition tended to be least depleted near 
the soil surface (layer D1, 0–20 cm depth), except in May (end of wet 
season) when it was rather similar to that of the deep soil (layer D3, 70- 
110 cm below the surface; Fig. 8 and Supporting Fig. S6). The variation 
between soil water samples taken at the same depths and time from 
different locations within each study plot (i.e., the spatial variation) was 
largest at the end of the wet season (May) and smallest in the middle of 
the dry season (August): average standard deviations of soil water δ18O 
in May were 0.4‰ (YSF) and 0.8‰ (SMF) versus 0.2‰ (YSF) and 0.3% 
(SMF) in August (Fig. 8). Differences in isotopic composition of xylem 
water were smaller at the end of the wet season (average standard de
viation for δ18O of 0.5‰ for the Psiadia trees in the YSF and 1.1‰ for the 
trees in the SMF for the May sampling campaign) than at the end of the 
dry season (average standard deviation for δ18O of 0.5 ‰ for the YSF and 
1.4 ‰ for the SMF in December 2015) (Figs. 7 and 8). The isotopic 
composition of xylem water was not related to tree size, except for a 
weak negative correlation (rs = -0.57) for the trees in the SMF in 
December 2015 (Supporting Fig. S7). 

Fig. 4. Radial variation in sap flux density (Jp) for three dominant tree species in the SMF as measured on two days during the wet season. See Fig. S3 for an example 
of the radial variation in sap flux density during the dry season and Fig. S4 for an example of the circumferential variation in sap flux density. 

Table 4 
Average daily sap flow rates and sap flux densities for the outer 2 cm of sapwood 
for the investigated trees in the YSF and SMF in the warm, wet season 
(November 2014 to April 2015) and the cooler, dry season (May to September 
2015 plus October 2014). No standard deviations are given due to the small 
sample sizes.  

Site Species Average sap flux 
density (cm3 cm− 2 

h− 1) 

Average sap flow rate 
(kg d− 1) 

Wet 
season 

Dry 
season 

Wet 
season 

Dry 
season 

YSF Psiadia altissima (n =
12) 

3.00 2.94 2.10 1.95 

SMF   
Abrahamia ditimena (n 
= 5)  

2.13  1.54  15.70  10.69 

Brachylaena ramiflora 
(n = 2) 

2.16 1.54 10.10 7.32 

Cryptocaria sp. (n = 3) 1.92 1.68 5.22 4.61 
Ocotea samosa (n = 1) 1.85 1.49 5.48 4.38 
Eugenia spp. (n = 2) 1.24 1.06 5.88 4.96 
Cassipourea (n = 2) 1.74 1.70 4.71 4.45 
Filicium decipiens (n =
1) 

1.71 0.75 3.97 1.72 

Erythroxylum spp. (n =
2) 

1.47 1.23 9.85 8.10 

Ludia mauritiana (n =
1) 

1.86 0.60 9.04 2.84 

Leptolaena (n = 1) 0.87 0.80 4.08 3.68  
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Fig. 5. Average sap flow Q between 7:00 and 17:00 (30-min data in grey and daily average values in green) as a function of vapour pressure deficit (panels a, e), incoming short-wave radiation (b, f), air temperature (c, 
g) and amount of water stored in the upper 30 cm of the soil (d, h) for the YSF (upper row; panels a–d) and the SMF (lower row; e–h). Sap fluxes for individual tree species were highly correlated with the averaged Q for 
all trees (Supporting Table S2). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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3.3.2. Isotope-based mixing analysis 
The relatively large variation in the isotopic composition of the soil 

water between the two pits used for sampling in May and the similarity 
in the composition of the shallow and deep soil water (Fig. 8a–b) made 
the mixing analysis results highly uncertain (see the wide 25–75th 
percentile credibility intervals interval in Fig. 9a–b). Regardless, the 
results for the SMF suggest that soil water uptake from the deepest layer 
(D3) was small. 

The uncertainty in the mixing ratios was much smaller for the August 
and December sampling campaigns (judging by the very narrow 
25–75th percentile credibility interval, even though the 5–95th 
percentile interval was still wide). In August, the trees of both the YSF 
and the SMF took most of their water from layer D2 (40–60 cm below the 
surface) (Fig. 9c and d). Average tree water uptake in December did not 
change compared to August for the YSF but for the SMF it shifted to layer 
D3 (80–100 cm) (Fig. 9e and f). There were, however, large differences 
between species for the SMF, with Ocotea and Eugenia still taking up 
more water from layer D2 than layer D3 in December (Fig. 10 and 
Supporting Figs. S8–S9). Interestingly, there was no difference in the 
main depth of water uptake for the Psiadia trees and the invasive shrubs 
in the YSF during the dry season and almost all water uptake there took 
place from layer D2 (Supporting Fig. S10). 

4. Discussion 

4.1. Sap flux densities in young and semi-mature secondary tropical 
forests 

The average daily sap flux density (Jp) for the young Psiadia trees of 
the YSF (~3 cm3 cm− 2 h− 1) were higher than those obtained for the trees 
in the SMF, where wet-season average sap flux densities varied nearly 
2.5-fold between species from about 0.9–1.5 cm3 cm− 2 h− 1 (Leptolaena, 
Eugenia and Erythroxylum) to ca. 1.7–2.2 cm3 cm− 2 h− 1 (Filicium, Cassi
pourea, Ocotea, Ludia, Abrahamia and Brachylaena; Table 4). Data for 
other young secondary tropical forests seems to be lacking, but the 
values fall in the lower range of Jp reported for similarly aged (six years 
old) native trees grown in (lowland) plantations in Panama (3.0–8.5 cm3 

cm− 2 h− 1; Kunert et al., 2012). Likewise, average daily sap flux densities 
for various 12-year-old native lowland plantation trees in the 
Philippines ranged from 4.0 to 8.5 cm3 cm− 2 h− 1 (Dierick & Hölscher, 
2009). 

The average daily sap flux densities of the dominant species in the 
SMF are also in the lower range of Jp for trees in the upper canopies of 
various old-growth lower montane rain forests at comparable elevations 
elsewhere in the tropics (1.7–4.4 cm3 cm− 2 h− 1; Horna et al., 2011; 
McJannet et al., 2007; Motzer et al., 2005). In structurally complex 
mature natural forests, such differences between species partly reflect 
differences in canopy position (Aparecido et al., 2016; Granier et al., 
1996; McJannet et al., 2007; Meinzer et al., 1999; Motzer et al., 2005), 

Fig. 6. Proportion of the total variance of average daily sap flow (Q) explained by the four climatic variables and amount of soil water stored in three different depth 
intervals at the YSF and SMF, and for six dominant tree species in the SMF. For separate results for the wet and dry season, see Supporting Fig. S5. 

Table 5 
Total precipitation and estimated evapotranspiration (ET) and its components (in mm) for the young secondary forest (YSF) and semi-mature forest (SMF) for the wet 
(November–April) and dry season (May–October), and the entire study period (October 2014–September 2015). ET components are given in percent of total ET (in 
parentheses). Total ET was 42% of precipitation for the YSF and 61% of precipitation for the SMF.   

YSF SMF 
Wet season Dry season Total Wet season Dry season Total 

Precipitation (P) 1327 302 1629 1379 368 1747 
Total Evapotranspiration (ET) 413 266 679 674 389 1063 
Transpiration (Et) 135 130 265 (39%) 269 193 462 (44%) 
Interception loss (Ei) 217 75 292 (43%) 339 140 479 (45%) 
Understory transpiration (Eus) 27 26 53 (8%) 14 10 24 (2%) 
Litter evaporation (Es) 34 35 69 (10 %) 52 46 98 (9%)  
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as well as rooting depth (Hu et al., 2018; cf. Schwendenmann et al., 
2015; Sinacore et al., 2017). However, studies conducted in even-aged, 
more simply structured mixed tropical tree plantations also reported 
large variation in sap flux densities between species, suggesting that 
other factors (e.g., phenology and hydraulic architecture) play a role as 
well (Dierick and Hölscher, 2009; Kunert et al., 2010, 2012). This is 
confirmed by the similarly large differences in sap flux densities during 
the dry season for the different species in the SMF (e.g., Ocotea and 
Cassipourea versus Ludia and Filicium; Table 4) and in some of the mixed 
tropical tree plantations referred to above (Schwendenmann et al., 
2015; Sinacore et al., 2019). Similarly, the comparatively low daily sap 
flow rates for the trees of the YSF and SMF (2–16 kg d− 1; Table 4) are 
likely to mainly reflect their small size (average DBH < 10 cm; Table 1) 
compared to old-growth lower montane rain forests at similar elevations 

elsewhere in the tropics (average DBH typically ~15–17 cm, but with 
individuals of up to 75–95 cm diameter; Aiba and Kitayama, 1999; 
Horna et al., 2011; McJannet et al., 2007; Moser et al., 2007). 

4.2. Drivers of transpiration and effect of soil moisture 

Daily average sap flow at both sites showed a strong dependence on 
VPD and Rs, while soil water availability played a minor role (Figs. 5 and 
6). The relative lack of response of sap flow to changes in water content 
at the study site and many other sites (e.g. Tanaka et al., 2003; Luis et al., 
2005; García-Santos et al., 2009) reflects the continued access to soil 
water (Fig. 1, Table 3, and section 4.3). The ratios of ET/PET (0.59 and 
0.92 for the YSF and SMF, respectively) and ET/P (0.42 and 0.65, 
respectively; Table 5) also suggest that ET in the study area is 

Fig. 7. The δ2H and δ18O values for soil water (grey to 
black symbols) and xylem water samples from the trees 
(filled light green symbols) and shrubs (open symbols) in 
the YSF (left-hand panels) and dominant trees (dark green 
symbols) in the SMF (right-hand panels) at the start of the 
dry season (May 2015; top row), in mid-dry season (August 
2015; central row) and before the start of the wet season 
(December 2015; bottom row). Different filled green sym
bols represent different tree species. The blue line repre
sents the LMWL based on 30 precipitation samples (δ 
2H=7.7 δ18O + 11.4) and the dotted lines the 95% predic
tion band. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version 
of this article).   
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demand-limited, which fits well with the daily variation in transpiration 
Et being explained mostly by variations in VPD and incoming radiation 
(Figs. 5 and 6). 

Relative humidity was very high during parts of the study period and 
may have reduced transpiration temporarily. High atmospheric hu
midity in the form of dense fog or wind-driven rain is known to suppress 
transpiration (Alvarado-Barrientos et al., 2014; García-Santos, 2012) 
and forest stature (Bruijnzeel et al., 2010). However, because the 
average interception for the SMF (27% of incident precipitation; Ghi
mire et al., 2017, Table 5) was effectively equal to the mean rainfall 
interception (27%) for 15 tropical lower montane rain forests without a 
significant influence of fog (Bruijnzeel et al., 2011), we assume that fog 
or wind-driven rainfall were not a very important factor for the low sap 
flow rates at the study sites. 

4.3. Depth of dry-season water uptake 

It was not possible to infer the main depth of soil water uptake at the 
start of the dry season (May 2015) due to the similarity in the isotopic 
composition of the shallow and deep soil water (Fig. 8a–b). However, 
based on the rapid decline in soil moisture content in the shallow soil 
layer (Fig. 1c–e), it is likely that uptake during this time was predomi
nantly from the uppermost 30 cm (cf. Lion et al., 2017; Sohel et al., 
2021). For the Psiadia trees in the YSF, the main depth of dry-season root 
water uptake remained between 30 and 70 cm (intermediate soil layer 
D2), even at the end of the dry season (December 2015; Fig. 10a). The 
persistently high soil moisture content below 75 cm throughout the dry 
season (Fig. 1e) also suggests limited water uptake from the subsoil. 
Thus, although the results of the isotope based mixing analyses are 
uncertain due to potential issues with the cryogenic extraction of soil 

Fig. 8. Depth distributions of δ18O in soil water (grey 
to black circles) and xylem water samples (green 
symbols at top of panels) for Psiadia trees in the YSF 
(left-hand panels) and various trees in the SMF (right- 
hand panels) at the start of the dry season (May 2015; 
top row), in mid-dry season (August 2015; central 
row) and before the start of the wet season (December 
2015; bottom row: e-f). Different filled green symbols 
represent different tree species (see legend of Fig. 7). 
Results for the invasive shrubs Lantana and Rubus in 
the YSF are indicated by open symbols. The values for 
the soil samples taken from each soil pit are con
nected by a line. For the corresponding results for 
δ2H, see Supporting Fig. S6. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the web version of this article).   
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and xylem water (Adams et al., 2020; Orlowski and Breuer, 2020; 
Orlowski et al., 2018) and the isotopic offset between the soil and plant 
water samples (Fig. 7b–f), the results appear plausible. 

Comparative information on the depth of soil water uptake by young 
tropical secondary vegetation seems to be limited to soil water obser
vations made beneath a ca. four-year-old regrowth in Eastern Amazonia. 
At that site, with demonstrated fine roots down to at least 6 m, three 
quarters of wet-season transpiration came from a depth of 0–90 cm 
(Sommer et al., 2003). For even younger vegetation at the same location, 
Hölscher et al. (1997) concluded that soil water uptake below 100 cm 
depth would have been necessary to maintain the high transpiration 
rates. Re-sprouting of stumps and surviving roots were important for the 
rapid development of biomass in this case (LAI = 4.2; Sommer et al. 
(2003)). This is different from the more impoverished soil conditions at 
the YSF (LAI = 2.3) following repeated slash-and-burn cycles and 

associated loss of soil fertility (Styger et al., 2007). 
There were no major differences in the main depth of uptake be

tween the trees and the invasive shrubs in the YSF as the dry season 
progressed (Supporting Fig. S10). However, the isotopic composition of 
the xylem water of the Lantana shrubs was more depleted than that of 
the Psiadia trees; the isotopic composition of Rubus was more variable in 
August (Fig. 7c). Transpiration rates for Psiadia did not change notably 
during the dry season (Table 4; cf. Ghimire et al. (2018)), but mea
surements of stomatal conductance for the shrubs indicated that soil 
moisture was a limiting factor, suggesting the shrubs were more sensi
tive to moisture deficits than the trees (Ghimire et al., 2018). 

In the SMF, the trees mainly took water from intermediate depths 
(layer D2; 30–50 and 50–70 cm samples) in the middle of the dry season 
(August), but by the end of the dry season (December), a shift to deeper 
layers (D3; 70–90 cm and 90–110 cm samples) was inferred for some 

Fig. 9. Median fractions of water uptake from the three depth intervals (green symbols) calculated using the MixSIAR model, and the 2.5–97.5th, 5–95th and 
25–75th Bayesian credibility intervals (grey lines) for the May (a, b), August (c, d) and December (e, f) sampling campaigns for the trees in the YSF (left-hand panels 
a, c, e) and the SMF (right-hand panels b, d, f). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article). 
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species (Abrahamia and Brachylaena; Fig. 10 and Supporting 
Figures S8–9). Studies in species-rich lowland rain forests have shown 
that (smaller) evergreen trees and shrubs tend to rely more on deeper 
soil water as the dry season progresses and are largely able to maintain 
high transpiration rates, whereas (mostly larger) deciduous trees use 
shallower soil water (e.g., Meinzer et al., 1999; Stahl et al., 2013). In a 
lowland rain forest in Malaysia, uptake was mostly from the top 50 cm 
during wet periods but shifted to deeper depths during dry periods (Lion 
et al., 2017). Only during occasional very dry periods did trees access 
deeper and more tightly bound older water (Lion et al., 2017). A 
different pattern has been described by Muñoz-Villers et al. (2018) for a 
marginal cloud forest site in Mexico, where upper canopy trees 
increasingly used shallow (0–30 cm) soil water and transpiration rates 
declined towards the end of the dry season. This shift was attributed to a 
lack of nutrients in the subsoil. The general lack of fertility of the heavily 
leached soils (Bailly et al., 1974), may have reduced transpiration at the 
study sites as well (as also reflected by the low LAI), but there was 
sufficient water available for transpiration, even at the end of the dry 
season (Fig. 1e). 

Temporal changes in the main depth of root water uptake by the 
trees in the SMF were species-dependent (Fig. 10 and Supporting 
Figs. S8–9). The change in the depth of water uptake between the middle 
and the end of the dry season was most pronounced for Abrahamia and 
Brachylaena (Fig. 10 and Supporting Figs. S8–9), two species for which 
the differences in average sap flux densities between the wet and the dry 
season were large (Table 4). Thus, even though Abrahamia and Bra
chylaena may have shifted their uptake towards deeper water sources, 
this did not allow them to maintain an equally high water uptake rate. 
This is contrary to some other studies showing that species that used 

deeper water sources were able to maintain high transpiration rates 
during drier periods (e.g., Jackson et al., 1995). Indeed, a shift to deeper 
soil water uptake towards the end of the dry season was also observed 
for Cryptocaria (Figs. 10 and S8–9), for which the average transpiration 
rate differed little between the wet and dry season (Table 4). Differences 
in average wet- and dry-season transpiration rates were also relatively 
small for Ocotea and Eugenia, but for these species, the main depth of 
water uptake did not appear to change over time (Fig. 10 and Supporting 
Fig. S9). 

Several studies have shown a relation between the isotopic compo
sition of xylem water (and thus depth of water uptake) and the size of the 
trees (e.g., Hardanto et al., 2017; Schwendenmann et al., 2015). In a 
species-rich upland rain forest in northern Queensland with a similar 
rainfall regime (1680 mm y− 1), the majority of the 46 examined tree 
species relied primarily on water in the top 20 cm of the soil, although 
larger and faster-growing trees preferentially took up water below 20 cm 
depth (Sohel et al., 2021). We did not find such a relation (Supporting 
Fig. S7). This is likely because of by the limited range in sampled tree 
sizes, but may also indicate that the different trees took water from 
similar depths (Lion et al., 2017). Only at the end of the dry season 
(December) did a weak negative correlation between tree DBH and the 
isotopic composition of xylem water become apparent (Supporting 
Fig. S7f). By then, soil water had become more depleted at greater depth 
(Fig. 8f). The isotopically more depleted xylem water in December may 
therefore indicate that the larger trees had access to deeper soil water 
(cf. Bretfeld et al., 2018). 

Fig. 10. Median fractions of soil water uptake from the three depth intervals (D1–D3) in December 2015 calculated using the MixSIAR model (green symbols) and 
their 2.5–97.5th, 5–95th and 25–75th Bayesian credibility intervals (grey lines) for Psiadia trees in the YSF (a) and the dominant tree species in the SMF (b–f). For the 
corresponding results for May and August 2015, see Supporting Fig.s S8 and S9, respectively. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article). 
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4.4. Total evapotranspiration 

Total ET during the 1 October 2014 to 30 September 2015 study 
period was estimated to be 679 mm y− 1 for the YSF, of which ~47% 
occurred via transpiration (trees plus understorey) and 53% via wet- 
canopy and forest floor evaporation (Table 5). This is 11% lower than 
the water budget-based ET derived for a nearby catchment with mature 
montane rainforest (1195 mm y− 1) for years with comparable rainfall as 
our study period (Bailly et al., 1974). For the SMF, the total ET was 
estimated at 1063 mm, of which 46% occurred via transpiration and 
54% via interception losses (Table 5). Although values for understorey 
and forest floor evaporation were not measured but estimated using 
(empirical) models, the derived estimates for total ET are plausible in 
light of the elevation (950–990 m a.s.l.) and comparatively low LAI of 
the study sites compared to most other secondary tropical forest sites for 
which annual evapotranspiration values are available (Supporting 
Table S3). 

Comparing the combined total of transpiration and forest floor 
evaporation (Et + Es) for young to intermediate secondary tropical for
ests and normalising for net radiation input (Rn), gives values of 0.22 
and 0.34 for the YSF and SMF, respectively. These are much lower than 
the values reported for 3–20 year-old regenerating forests in different 
parts of lowland Amazonia (0.62–0.67; n = 4) or a 20-year-old montane 
forest in Eastern Mexico (0.59; Fig. 11 and Supporting Table S3). A 
comparably low Et/Rn ratio of ca. 0.36 was inferred only for eight-year- 
old regrowth in Panamá during an exceptional drought (Bretfeld et al., 
2015; Supporting Table S3 and Fig. 11). The reason for this striking 
contrast in relative transpiration rates between the two Malagasy study 
sites and Amazonian regrowth likely reflects the combination of the 
much more vigorous growth and canopy development at the Amazonian 
sites (LAI 4.2–5.7) due to re-sprouting of stumps and a deep surviving 
root network (Sommer et al., 2003), plus advected energy from adjacent 
warmer, deforested sites (Giambelluca et al., 2000; Hölscher et al., 1997; 
cf. Kunert et al., 2015). In contrast, the lower temperatures at the study 
sites, combined with the degraded soil conditions after repeated 
slash-and-burn cycles at the YSF (Bailly et al., 1974; Styger et al., 2007) 
and poor subsoil drainage (both YSF and SMF; Zwartendijk et al. 
(2020)), may have resulted in slow growth and a low LAI (Fig. 11b). 
Indeed, plotting reported values of (Et + Es)/Rn against forest LAI sug
gests an increase in the ratio until an LAI of 4–5 after which (Et + Es)/Rn 
tends to stabilise or possibly declines somewhat (Fig. 11b). Nevertheless, 
after also normalising (Es + Et)/Rn-values for the respective forests by 
their LAI, the values for both the YSF and SMF (0.10–0.12) turn out to be 
effectively the same as those derived for ca. 20-year-old regenerating 

stands in lowland Amazonia (site ZF3) and montane Eastern Mexico 
(Veracruz site, Supporting Fig. S11b and Supporting Table S3). More
over, ratios for young to intermediate secondary forests normalised this 
way do not seem to differ from those for old-growth forests, with the 
exception of several Amazonian and South-east Asian sites where tran
spiration rates were considered to be strongly affected by advection of 
sensible heat from warmer, deforested neighbouring areas (Giambel
luca et al., 2000; Hölscher et al., 1997; Sommer et al., 2003; Fig. 11b and 
Table S3). However, the database is extremely small, particularly for 
montane forests (Supporting Table S3) and more work is needed to 
confirm or refute these contentions. Furthermore, comparisons of forest 
transpiration between (distant) sites requires caution because of differ
ences in climatic conditions (radiation load, precipitation seasonality), 
forest type and age, and hence species composition, density and struc
ture, as well as the size of the trees (McJannet et al., 2007; Von Randow 
et al., 2019). A direct comparison of transpiration totals from the 
monodominant YSF with other, more species-rich forests requires 
further caution. 

5. Conclusions 

Transpiration was examined in a young (5–7 years) and a semi- 
mature (most trees ~20 years old) forest in montane eastern 
Madagascar. Vapour pressure deficit and net radiation were the main 
drivers of the variations in daily transpiration; soil moisture availability 
played a minor role. Trees in the younger forest relied mainly on 
moisture from the intermediate soil depth (30–70 cm). For three out of 
five dominant canopy species in the SMF (Abrahamia ditimena, Brachy
laena ramiflora and Cryptocaria sp.) there was a change in the depth of 
water uptake at the end of the dry season, indicating some evidence of 
complementary resource use. A comparison of evaporative losses (nor
malised by net radiant energy inputs) from the study sites with sec
ondary and selected old-growth forests across the tropics suggests that 
the transpiration rates and LAI values for the study sites are low. This is 
thought to mainly reflect the poor soil fertility rather than seasonal 
water stress or climatic limitations to vegetation growth. Moreover, the 
observed relatively high difference in evapotranspiration totals between 
the young forest (679 mm y− 1) and the semi-mature forest (1063 mm 
y− 1) underscores the need to take the stage of forest regrowth into ac
count when assessing the hydrological impacts of land-cover change in 
the study area. 

Fig. 11. Apparent transpiration (Et + forest floor evapo
ration, Es) for regenerating tropical forest scaled by net 
radiation (Rn) as a function of (a) forest age and (b) leaf 
area index (LAI). Lowland secondary forest sites are indi
cated by open triangles, and montane secondary forest sites 
by filled triangles. Sites affected by advection are indicated 
by downward-pointing triangles. The two stars mark the 
two study sites of this study (YSF and SMF). Selected old- 
growth forests (OGF) have been added for comparison 
and are shown by circles at an age of 100 years (lowland 
sites) or 95 years (montane sites) to avoid clutter. Data and 
references are listed in Supporting Table S3. For the re
lations between forest age and LAI or the apparent tran
spiration scaled by both net radiation and LAI ([(Et + Es) / 
Rn] / LAI), see Supporting Fig. S11.   
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Hölscher, D., Sá, T.D., Möller, R.F., Denich, M., Fölster, H., 1998. Rainfall partitioning 
and related hydrochemical fluxes in a diverse and in a mono specific 
(Phenakospermum guyannense) secondary vegetation stand in eastern Amazonia. 
Oecologia 114 (2), 251–257. https://doi.org/10.1007/s004420050443. 

Holwerda, F., Alvarado-Barrientos, M.S., González-Martínez, T.M., 2016. Surface energy 
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