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A B S T R A C T   

Secondary tropical forests provide critical hydrological services through modulating transpiration and soil 
infiltration of precipitation. However, vegetation studies establishing direct mechanistic linkages between stand 
transpiration, soil moisture and streamflow are significantly lacking in tropical montane forests (TMFs) in 
Himalaya. We quantified the impact of diel and seasonal transpiration on catchment water balance and lean 
season streamflow in a broad-leaved evergreen secondary TMF in Eastern Himalaya. Stand transpiration (T) and 
streamflow (Q) were measured concurrently at one of the wettest (4500 mm yr− 1) and highest elevation (2100 
m) sites worldwide to date. The observed daily transpiration rates (1.29±0.99 mm d − 1) were double the re-
ported values from TMFs in relatively drier Central Himalaya but at the lower bound of TMFs globally. Moderate 
precipitation pulses (10–25 mm volume) followed by clear skies significantly increased stand transpiration. The 
proportional contribution of evaporative losses (50–77%) and stand transpiration (2–13%) to catchment water 
balance increased with the progression of the wet season. The phase lags between T, soil moisture (S) and Q were 
confounded by significant pre-dawn sap flux movement and the presence of secondary diel peaks. Transpiration 
was a significant predictor of streamflow in the dry season and, to a lesser extent, in the wet season. Thus, 
changes in vegetation cover and precipitation patterns will likely impact hydrological services from the regen-
erating secondary TMFs and the regional water security in the Eastern Himalaya.   

1. Introduction 

Tropical forests provide critical ecohydrological services by actively 
modulating water, carbon and nutrient cycles (Peña-Arancibia et al., 
2019; Wohl et al., 2012). However, approximately half of the world’s 
tropical forests are secondary in nature, having undergine historical 
human-induced degradation (Oberleitner et al., 2021). Recent literature 
has highlighted the growing importance of secondary forests in main-
taining ecohydrological functioning and mitigating water security 
challenges in the tropical world (Heinrich et al., 2023; van Meerveld 
et al., 2021). Further, the functional diversity of secondary forests 
significantly alters the hydrological services through changes in canopy 

and soil properties (Wen et al., 2019). However, the existing research 
from secondary tropical forests has focused on the biogeochemical cy-
cles, including carbon and primary productivity assessments, and liter-
ature on hydrological functioning remains scant, especially from 
data-scarce regions such as the Himalaya (Dib et al., 2023; Wen et al., 
2019; Yang et al., 2023). The bulk of the tropical montane forests (TMFs) 
in the Himalaya are now secondary forests, which are defined as any 
regenerating forest patches after modifications or clear-felling of 
old-growth primary forests with significant differences in vegetation 
composition, density and functional diversity (Kanade and John, 2018; 
Kumar et al., 2023a; Ramakrishnan and Kushwaha, 2001). Secondary 
TMFs in the Himalaya are characterized by an assembly of different 
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functional groups, including long-lived pioneer and old-growth late--
successional species, with contrasting growth rates and water-use stra-
tegies (Ghimire et al., 2014b; Kumar et al., 2023a). Secondary TMFs also 
have different under-canopy structures and hugely modified soil, which 
impact the key ecohydrological processes such as soil evaporation and 
infiltration of precipitation into the soil (Badu et al., 2022; Li et al., 
2023; Pandey et al., 2023). Broad-leaved secondary forests form a sig-
nificant portion (32.5%) of the total area under TMFs in Eastern 
Himalaya and are likely to have distinctly altered carbon and water 
cycles than primary forests (Bhutia et al., 2019; Kanade and John, 2018; 
Tiwari et al., 2023). The high water demand from these regenerating 
secondary forests dominated by pioneer species can exert significant 
pressure on limited soil moisture reserves and lean season streamflow 
(Kumar et al., 2023a; Wright et al., 2018). 

Previous research highlights the vital role of broad-leaved TMFs in 
precipitation partitioning, runoff generation, and sediment transport in 
the Himalaya, where evapotranspiration can go up to 40% of the annual 
water budget (Ghimire et al., 2014b; Qazi et al., 2017; Sharma et al., 
2007). However, few of these studies empirically estimate the transpi-
ration component of evapotranspiration and instead rely on indirect 
methods using micro-meteorological data or water balance calculations 
(Ghimire et al., 2014b; Kumar et al., 2023a). Also, most studies operate 
at catchment-to-basin scales, and fewer studies have investigated the 
role of vegetation-driven evapotranspiration in headwater catchment 
processes (Ghimire et al., 2014b; Qazi et al., 2017; Sharma et al., 2007). 
At catchment scales, most of such studies have come from the Western 
and Central (Nepal) Himalaya and have focused on establishing linkages 
between stream characteristics and land-use forms, including the role of 
TMFs (Krishnaswamy, 2017; Sharma et al., 2007). At basin scales, 
studies have tried to quantify the relative contribution of glacial melt, 
snowmelt, runoff, and baseflow to the total discharge and undertand the 
impact of climate change in the Himalaya (Singh and Bengtsson, 2005; 
Singh and Kumar, 2010). With climate change, the region is projected to 
experience significant warming (0.8–1.2 ◦C decade− 1), increasingly 
drier winters and wetter monsoon and summer seasons, and their po-
tential impact on the interactions between vegetation productivity and 
ecohydrological fluxes remains poorly known (Krishnan et al., 2019; 
Krishnaswamy et al., 2014; Kumar et al., 2021). 

The literature on interactions between water and vegetation has 
been primarily focused on the ecophysiological aspects of transpiration, 
while a few have extended it to interactions between transpiration, soil 
moisture, and streamflow (Asbjornsen et al., 2011; Tashie et al., 2019; 
Wang et al., 2019). The extent of vegetative influence on soil moisture 
and streamflow varies considerably across micro-climatic conditions 
(water or energy limitations on plant productivity), catchment size, 
vegetation types, including the dominant functional groups and physi-
ological traits such as rooting depths, which govern the ability of 
vegetation to access deeper subsurface moisture (vadose zone) and/or 
groundwater (Asbjornsen et al., 2011; Bonnesoeur et al., 2019; Evaristo 
et al., 2015; Gribovszki et al., 2010; Jasechko et al., 2013). For example, 
shallow-rooted trees may tap into the subsurface moisture, whereas 
deep-rooted tree species can access the water table directly and release it 
into the atmosphere through transpiration (Kumar et al., 2023a; Maeght 
et al., 2013). Conversely, Deng et al. (2021) report that access to karst 
groundwater, along with meteorological drivers, controlled sap flow. 
The loss of soil moisture or baseflow to the atmosphere, which otherwise 
could have contributed to streamflow, can significantly alter the local 
water balance and streamflow responses in a forested catchment (Bar-
beta and Peñuelas, 2017; Perry and Jones, 2017). A comprehensive re-
view of hydrological signatures (McMillan, 2020) details up to 50 
different signatures in streamflow, including diel and seasonal cycles, in 
response to various ecohydrological processes such as evapotranspira-
tion, soil hydraulics, aquifer dynamics, hydrological portioning and 
human disturbances. In a simple dynamical catchment, diel and seasonal 
variations in transpiration and evapotranspiration can induce corre-
sponding patterns in soil moisture and streamflow with significant phase 

lag (Bond et al., 2002; Kirchner et al., 2020; Moore et al., 2011; Woelber 
et al., 2018). Here, the phase lag between transpiration, soil moisture, 
and streamflow can either represent the transit time in large catchments 
or dynamical phase lag in small streams (Kirchner et al., 2020; Moore 
et al., 2011; Woelber et al., 2018). In contrast, the “two-water-worlds” 
hypothesis suggests that the water available for trees is potentially 
disconnected from the moisture stock that contributes to streamflow and 
that trees have limited access to groundwater (Berry et al., 2018a). 
However, the literature remains inconclusive on the presence of two 
moisture movement pathways with research evidence on trees accessing 
stream/groundwater in the valley or riparian zones (the riparian inter-
ception hypothesis) and/or evapotranspiration reducing the highly 
mobile surface soil moisture resulting in lower flow velocities (flowpath 
migration hypothesis) (Graham et al., 2013; McMillan, 2020). Both 
hypotheses, flowpath migration and riparian interception, hold poten-
tial in Himalayan TMFs with shallow soil strata, highly fractured geol-
ogy, and significant dry seasons (Kumar et al., 2023a; Nanda et al., 
2019). In a connected study from the Western Ghats in India, Nayak 
et al. (2023) predicted higher runoff generation in exotic wattle plan-
tations and higher flood risks than native shola grasslands in response to 
higher precipitation intensities. However, the literature on interlinkages 
between vegetation and streamflow remains scarce from Himalayan 
TMFs (Bruijnzeel et al., 2011; Célleri and Feyen, 2009). The transpira-
tion responses to changes in antecedent moisture and precipitation 
pulses is another emerging area of research, especially in regions with 
seasonal droughts (Burgess, 2006; Chen et al., 2014; Zeppel et al., 2008). 

However, to the best of our knowledge, ecohydrological controls of 
vegetation-water use on streamflow have not been quantified and 
mechanistically explained in TMFs of the Himalaya. In a companion 
study at the same site, Kumar et al. (2023a) quantified the variabilities 
in intra-tree, inter-tree and inter-specific sap flow responses to micro-
climate in two long-lived pioneer species Symplocos racemosa and Eurya 
acuminata, and one old-growth late-successional species Castanopsis 
hystrix. They instrumented 13 trees of the three species with Granier’s 
thermal dissipations sap flow probes at variable depths and azimuthal 
directions to report five critical findings, which have significance for this 
research: (1) The fast-growing pioneers displayed 1.6–2.1 times higher 
sap flux densities (J, cm3 cm− 2 h− 1) than the late-successional species, 
(2) The species exhibited significant radial and azimuthal variability 
leading to bias in whole-tree sap flow (V, kg h− 1) estimation, (3) The 
species showed significant nocturnal sap flow (14% of total V) bulk of 
which occurred in the pre-dawn period (00.00–05.00 h), (4) Sunlight 
and Vapour pressure deficit (VPD) governed variabilities in winter and 
summer sap flow, respectively, and (5) The shallow-rooted pioneer 
species exhibited midday depression in V that was attributable to 
photosensitivity and diel moisture stress responses, whereas, the 
deep-rooted late-successional species transpired unaffectedly across the 
dry season, indicating access to deeper sub-surface moisture. They 
further suggested that midday depression in sap flow, and the resultant 
secondary peaks, are a characteristic of pioneer species which have 
evolved to transpire heavily at optimal conditions but remain highly 
sensitive to environmental extremes, such as high VPD and/or sunlight, 
and low soil moisture (Chiariello et al., 2006; Franco and Lüttge, 2002; 
Kumar et al., 2023a). Building upon the research and in a first attempt 
from Himalaya, the study aims to quantify the relative controls of 
vegetation-driven transpiration on lean (dry) season streamflow in 
broad-leaved evergreen secondary TMF of Sikkim, a representative re-
gion of Eastern Himalaya. The key questions addressed in the study are: 
(a) What is the role of vegetation-driven evapotranspiration in the 
catchment water balance? and (b) How does transpiration impact diel 
and seasonal streamflow variability in an East Himalayan secondary 
TMF? We hypothesized that stand transpiration, fueled by the domi-
nance of fast-growing pioneer species transpiring heavily in wet and 
tropical conditions, will be a significant component of the catchment 
water balance. Further, in seasonally dry winter, high transpiration rates 
would negatively affect streamflow with increased amplitude of diel 
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streamflow due to a combination of riparian interception and flowpath 
migration hypotheses. 

2. Material and methods 

2.1. Study site and forest stand description 

We instrumented a headwater micro-watershed in the Fambong-Lho 
Wildlife Sanctuary (FWS, N27.583, E88.933), which forms the upper 
catchment of the Lay Khola, a tributary of the Teesta River in East Sik-
kim, India (Fig. 1). The regional geology belongs to the Gorubathan 
group, mainly comprising alternating bands of phyllite-quartzites 
overlain by micaceous schist on the ridge top. The instrumented 
micro-watershed has a catchment area of 0.16 km2 (16.1 hectares) with 
an elevational range of 2100 - 2400 m above sea level (masl). The mean 
annual precipitation is 4650±120 mm, with temperature fluctuating 
between a yearly maximum of 24⁰C to a minimum of − 2⁰C (2013–2015) 
(Supplementary Figure A1). At the site, the lower latitude (27–28◦) and 
proximity to the south-west Indian monsoon favour tropical climatology 
with three distinct seasons: winter (November - February) with sunny 
days, freezing nights, sporadic snowfall and low evapotranspiration; 
summer (March-May), characterised by warm and cloudy days, high 
evapotranspiration and substantial pre-monsoon precipitation occurring 
in the afternoon, and monsoon (June - October) with high humidity, low 
evapotranspiration and concentrated precipitation occurring in the late- 

night to early morning period, a phenomenon unique to the Himalaya 
(Barros and Lang, 2003; Kumar et al., 2021; Pandey et al., 2016). During 
the study, the winter (December 2013 – February 2014) marked the dry 
season with sunny but cold days and sub-zero night temperatures. The 
summer (March 2014 – May 2014) saw increased day length, predom-
inantly afternoon precipitation, abundant moisture, warmer tempera-
tures, and higher plant productivity (Kumar et al., 2023a). 

The forest stand falls under the FWS, which was declared as a pro-
tected area (PA) four decades ago (1984) after experiencing consider-
able human-use, including selective harvesting of hardwood species for 
timber and clear-felling in patches for agricultural purposes (Sudhakar 
et al., 2008). Post-1984, all harvesting was banned and the forest was 
left to regenerate naturally. The forest stand represents early succes-
sional secondary East Himalayan broad-leaved wet montane forests 
(Kanade and John, 2018; Kumar et al., 2023a; Sudhakar et al., 2008) 
and as mid-altitude oak forests dominated by Castanopsis hystrix (Bhutia 
et al., 2019). The forest stand is characterised by (a) the dominance of 
broad-leaved evergreen species and (b) a sub-tropical montane climate 
with high precipitation and strong diel and seasonal temperature. The 
vegetation data were derived from four 1000 m2 (100 m X 10 m) 
vegetation survey plots, which enumerated 16 species belonging to 12 
families and a total of 321 trees above 10 cm diameter at breast height 
(DBH) (Bhutia et al., 2019; Kumar et al., 2023a). The total basal area of 
the forest stand was 37. 23 m2 ha− 1, and the stand density was 505 tree 
ha− 1. The average tree DBH was 0.23±0.21 m, and the size class 

Fig. 1. Study area map showing (a) Digital elevation model (DEM) map of Himalaya and Sikkim within India; (b) the location of Fambong-Lho wildlife sanctuary 
(FWS) and the instrumented watershed within Sikkim; and (c) DEM of the delineated watershed of the first-order stream in FWS with the location of the sap flow 
instrumentation site, and precipitation and stream gauging stations. 
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histogram showed a reverse “J”-shaped distribution, indicating an 
uneven-aged forest with an abundance of small-sized trees (40% trees 
belonging to 0.1–0.14 m DBH) (Supplementary Figure A2b) (Bhutia 
et al., 2019). Moderate Resolution Imaging Spectroradiometer (MODIS) 
Leaf Area Index/FPAR (MCD15A3H v006) was used to extract the Leaf 
Area Index (LAI, dimensionless) and Normalized Difference Vegetation 
Index (NDVI, unitless) was computed from the infrared and 
near-infrared bands of MODIS-Terra Surface reflectance (MOD09A1 
v006) for the study site (Myneni et al., 2015; Vermote, 2015). The 
average stand LAI was 1.54±1.51, with a maximum of 7.1 in September 
2014, whereas NDVI peaked (0.78) in October 2014 (Supplementary 
Figure A1f). The species composition is dominated by the three species: 
Symplocos racemosa, Eurya acuminata, and Castanopsis hystrix, which 
form 58.3% of total stand trees and 38.3% of the total basal area (Bhutia 
et al., 2019; Kumar et al., 2023a). The short-statured canopy (3–8 m tall) 
is dominated by pioneer species like S. racemosa and E. acuminata, while 
the older remnant trees C. hystrix stood out as emergent (Bhutia et al., 
2019; Kumar et al., 2023a). A detailed description of the forest stand and 
sap flow responses of the three dominant species to environmental 
conditions has been provided by Kumar et al. (2023a) 

2.2. Data collection 

2.2.1. Sap flux measurements and scaling from whole-tree sap flow to stand 
transpiration 

Sap flux density was measured using Granier’s thermal dissipation 
method (TDP) probes in 13 trees of the three dominant species, 
S. racemosa, E. acuminata, and C. hystrix. For detailed methodology for 
TDP probe manufacturing, instrumentation, and scaling from individual 
probes to whole-tree sap flow, please refer to Kumar et al. (2023a). The 
thermal dissipation method applies to a wide range of species and is easy 
to manufacture locally at low costs (Davis et al., 2012; Flo et al., 2019; 
Granier, 1987; Lu et al., 2004). The volumetric sap flow from the 13 
trees of the three species was scaled to stand transpiration (T, mm h − 1) 
using the data from vegetation plots and sapwood area as the scalar. 
Existing sap flow literature suggests tree-size as the most used scalar for 
tree-to-stand transpiration, provided the species selection for the orig-
inal sap flow data is representative of the forest stand (Asbjornsen et al., 
2011; Berry et al., 2018b; Forrester et al., 2022). However, most existing 
studies come from relatively homogenous or well-studied long-term 
experimental plots, which lend robustness to the estimated stand T. Even 
then, the estimation bias in scaling from a single probe to a whole tree 
and from whole-tree to a forest stand is well-known in sap flow studies 
(Asbjornsen et al., 2011; Kumagai et al., 2005a). We minimised the 
probe-to-tree-level scaling bias by focusing on radial and azimuthal 
variabilities in the 13 sampled trees (most sap flow studies sample <9 
trees) (Kumar et al., 2023a; Mackay et al., 2010). This is the first study 
on vegetation-water-use from the region and the forest type. In the 
absence of prior studies, we accounted for the inter-specific variation in 
the tree-size and plant water-use by sampling for the three most domi-
nant species while maintaining representativeness across the two main 
functional groups: long-lived pioneer species and late-successional 
species (Kumar et al., 2023a). 

A five-step approach was adopted to scale sap flow (V in kg h− 1) from 
the instrumented trees to the stand level using tree diameter measured at 
breast height (DBH) as a scalar (Chiu et al., 2016). First, a non-linear 
least squared (NLS) regression model (intercept = 0.112, power coeffi-
cient = 0.857, P < 0.001) was fitted between tree diameter (DBH in m) 
and total sapwood area (SWA in m2) of the 13 trees (Supplementary 
Figure A3). A recent meta-analysis of global sap flux studies suggests 
that the assumptions of linear fit between tree size and sapwood area for 
scaling whole-tree sap flow are limited to homogenous stands, and 
studies with large trees should explore non-linear regression models 
(Forrester et al., 2022). Thus, despite being limited by 13 instrumented 
trees, the observed non-linear fit between the sapwood area vs. tree 
diameter relationship was ecologically appropriate for the secondary 

forest stand being investigated. It is also in accordance with observations 
of linear increase in sapwood area until an optimal tree size, after which 
heartwood formation leads to relatively lower incremental growth of 
sapwood area per unit increase in tree size (Berry et al., 2018b; Forrester 
et al., 2022). Similar studies on individual tropical species report a 
non-linear rise in sapwood area with tree diameter, which com-
plemented our DBH-sapwood area relationship at the study site (Leh-
nebach et al., 2017; Uyup et al., 2023; Yang and Hazenberg, 1991). In 
the next step, the NLS regression model coefficients were used to 
compute SWA from DBH for each tree (>10 cm DBH) sampled in the 
vegetation plots. Third, the instrumented trees were categorised into 
four DBH classes for stand tree-size representativeness: < 0.15 m 
(small-sized trees, N = 2), 0.15–0.19 m (medium-sized trees, N = 4), 
0.20–0.24 m (medium-large-sized trees, N = 4), and > 0.25 m (large--
sized trees, N = 3) (Supplementary Figure A2a). The average sap flux 
density per class (Javg) was computed by normalising the V of each 
instrumented tree by its SWA and averaging for each class. Fourth, all 
trees >10 cm DBH sampled in the vegetation plots were categorised into 
the above-mentioned DBH classes: < 0.15 m (N = 80), 0.15–0.19 m (N =
40), 0.20–0.24 m (N = 39), and > 0.25 m (N = 43) (Supplementary 
Figure A2b). Whole-tree sap flow (V) was estimated for each tree in the 
forest stand by multiplying the corresponding Javg of the diameter class 
with its SWA. Fifth, stand transpiration (T in mm h − 1) was computed by 
aggregating hourly V for all trees in the vegetation plots and dividing it 
by the total plot area (4000 m2). We initially attempted gap-filling 
through a generalised linear regression model to predict the response 
of tree sap flow (V) to changes in micro-meteorological drivers such as 
solar radiation and Vapor pressure deficit (VPD), details of which are 
available in Kumar et al. (2023a). While the model results were very 
insightful in understanding the processes and interactions, the overall 
predictive power of the model was low for the three species (0.08<r2<

0.41). The predicted sap flow failed to replicate key diel features in the 
observed sap flow, i.e. the early-morning transpiration onset and 
mid-day depression. Thus, gap-filling of the missing data for the stand 
transpiration was consciously avoided. After quality checks, a total of 
114 days (70% of total sampling days) of stand transpiration data was 
used for final analysis, including 74 days of concurrent data for T and 
environmental variables (P, S, Q and E0) between November 2013 to 
May 2014 (Fig. 2). 

2.2.2. Environmental and hydrological measurements 
An automated stilling well fitted with a capacitance water level 

recorder (Dataflows Systems LTD, New Zealand) was installed on the 
first-order stream draining the micro-watershed. Streamflow (Q, mm 
h− 1) was computed from the water-level using a stream-specific rating 
curve and catchment area. We used the slug injection (salt-dilution) 
method, which is most suitable for small (first-order) streams, to esti-
mate stream discharge and develop the rating curve (Supplementary 
Figure A4) (Nayak et al., 2023). On-site Precipitation (P, mm h− 1) was 
recorded using an automated tipping-bucket rain gauge. An on-site 
automatic weather station (AWS) (Vantage-pro Davis Net, USA) was 
installed to record meteorological parameters, i.e. incoming short-wave 
radiation (Rs in kW m− 2), air temperature (Temp, ◦C), wind speed (u in m 
s− 1), and relative humidity (Rh in%) at high frequency (10 mins reso-
lution) (Kumar et al., 2023a). Reference evapotranspiration (E0, mm 
h− 1) was computed from the meteorological data following FAO’s 
Penman-Monteith method (equation 6 of FAO56PM and Allen et al. 
1998). Soil water potential was recorded (10-minute resolution) at 10 
cm incremental depths from the topsoil to up to 30 cm depth using 
granular matrix-based (watermark) sensors (Virtual Electronics, Roor-
kee) and converted to volumetric water content using the site-specific 
van Genuchten water retention curve (developed using Rosetta soft-
ware, Schaap et al., 2001). Total soil moisture (S, mm) was computed for 
the topsoil (0–30 cm depth) using the trapezoidal method, and stray 
missing values were gap-filled through a 3-step moving-average window 
(Nachabe et al., 2005). Soil cores were collected at six locations at the 
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site, varying from 20 to 90 cm depth (mean±SD, 50±28 cm) till we hit 
the bedrock. The cores were separated into 10 cm blocks, and 
depth-wise changes in particle size distributions were determined using 
sodium hexametaphosphate as the dispersing agent based on Bouyou-
co’s hydrometer method (Bouyoucos, 1928). A Mini disc infiltrometer 
(Decagon Devices, Inc., Pullman, WA) was used to collect soil infiltra-
tion measurements (N = 10) on a flat surface after removing any leaf 
litter present, and unsaturated soil hydraulic conductivity was estimated 
(Nanda et al., 2019; Zhang, 1997). 

2.3. Data analysis 

We first looked at the impact of moisture input (precipitation pulses) 
on T and its relative importance to the catchment water balance. Then, 
the diel cycles of T, S and Q were examined visually and through lag 
regression anakysis to understand their daily phase difference as an 
indicator of catchment interconnectivity. Lastly, the interactions were 
quantified using step-wise lag regression models (run separately for wet 
and dry periods) to understand the relative influences of precipittaion, 
transpiration and micro-climate on streamflow. The data processing, 
analysis, and visualisation were done in the R programming software 
(version 4.3.2) (R Core Team, 2024). 

2.3.1. Catchment water balance 
In steep mountain catchments with shallow and sloped aquifers, the 

soil profile acts as a transient storage supporting the movement of 
moisture between aboveground (vertically downward moving infiltra-
tion from precipitation and upward moving moisture-uptake for tran-
spiration and evaporative losses) and belowground stocks (groundwater 
recharge to aquifer) (Fan et al., 2023; Kumar et al., 2023a). Due to 
logistical limitations, we could not monitor the soil moisture at depths 
greater than 30 cm from the ground and assumed that any downward 
flux contributed to the aquifer recharge, which provides baseflow to the 
stream. Thus, any changes in the aquifer storage were assumed to be 
linearly reflected in streamflow. The catchment water balance was 
estimated for the events using simple mass balance assuming non-leaky 
aquifer conditions using equation 1, where ΔS is inclusive of the change 
in topsoil moisture (0–30 cm depth), Q is streamflow inclusive of 

changes in deep soil moisture and shallow aquifer storage (D. McJannet 
et al., 2007), and Eloss represents combined evaporative losses through 
physical processes such as air and soil evaporation, forest canopy and 
floor-based interception losses, and changes in tree surface moisture 
(bark, lichens mosses, etc.), excluding transpiration (T). 

P = Eloss + T + ΔS + Q (1)  

2.3.2. Impact of precipitation pulses on stand transpiration 
The daily precipitation time-series was analysed to understand the 

impact of precipitation pulses on stand transpiration. Precipitation 
events were identified based on an interevent period of 24 h, event 
volume of >2.5 mm and duration, including the start of the precipitation 
to 24 h after the last recorded precipitation. All events longer than two 
days in duration and a total precipitation volume above 2.5 mm were 
considered precipitation pulses (Zeppel et al., 2008). Precipitation event 
volume denotes the extent of moisture input to a system and thus was 
preferred over precipitation intensity. Despite data gaps in the envi-
ronmental parameters, we included all the events for which at least the 
changes in T were present for interpretation. The percentage changes in 
T, Q, E0, Rs and D were estimated as differences between their respective 
values on the day of the precipitation event and the day after (Chen 
et al., 2014). 

2.3.3. Diel cycles of stand transpiration and other variables 
In a typical time-series of Q or S, the trend component characterises 

the long-term changes across seasons and years and can confound the 
cyclic component, which is inferred here as the diel cycles. Thus, both Q 
and S were de-trended (stlplus function, package stlplus) to remove 
excessive noise in the diel cycles from the trend components (Kumar 
et al., 2023a). The filtered diel signals in S (Sdiel) and Q (Qdiel) were 
computed for precipitation-free days to avoid the confounding effects of 
precipitation, and their diel patterns were compared with raw data to 
check for artificial peaks, if any (Supplementary Figure A5). The 
strength of the diel signal in Q was quantified as the ratio of the 
amplitude of the diel cycle (Qdaily.amp, in mm) to average daily Q, where 
Qdaily.amp was computed as the half of the difference between the daily 
maxima and minima for the contiguous rainless periods longer than five 

Fig. 2. Time-series plots of the raw daily data of the study variables from winters (December) to summers (April): (a) Precipitation (P, mm h− 1), (b) Evapotrans-
piration (E0, mm h− 1), (c) Stand Transpiration (T, mm h− 1), (d) Soil moisture (S, mm), (e) Cumulative antecedent moisture index (Ma, mm), and (f) Streamflow (Q in 
mm h− 1). 
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days. Lundquist and Cayan (2002) suggested a 30% significance 
threshold for Qdaily.amp/Q, although the threshold is likely to vary with 
catchment size, gradient and variability in stream velocities across 
different seasons (Wondzell et al., 2007). Qdaily.amp was corrected for 
measurement error (0.008 m) induced by diel changes in ambient 
temperature, a known source of error in the capacitance water-level 
recorders used in the study (Larson and Runyan, 2009). The measure-
ment error for the capacitance probe at the field site was derived 
empirically using a standing water column experiment with a fixed 
water level. To understand the seasonal variability in the significance of 
the diel cycle of Q to overall Q, we estimated the ratio of the variance of 
the diel component of streamflow (Qdielvar) to the variance of streamflow 
(Qvar), computed for contiguous rainless periods longer than five days. A 
relatively higher variance ratio denotes an increase in diel amplitudes 
when the corresponding streamflow remains stable over the period, 
whereas a low variance ratio implies that the changes in streamflow 
overshadow the corresponding changes in the diel cycle. 

2.3.4. Lag correlation analysis between transpiration, soil moisture and 
streamflow 

Lag correlation analysis quantifies the correlation between variables 
that are at temporal lag with each other in a physical environment, a 
characteristic in ecohydrological interactions, and was preferred due to 
the observations of strong autocorrelations and secondary peaks in the 
variables (Kumar et al., 2023a; Moore et al., 2011). The lag (in hours) 
between the following combinations, T vs. S, S vs. Q, T vs. Q and P vs. Q 
was computed for each day using the cross-correlation function (ccf 
function in R). The ccf function provides default confidence intervals 
based on the quantiles (5%) of a standard normal distribution and does 
not account for the statistical properties of the data. Thus, as a conser-
vative approach, we filtered the results for events with an 
auto-correlation coefficient (ACF) value higher than ±0.4 for further 
interpretation. Positive (negative) autocorrelation coefficient (ACF) 
values signified that a high (low) value of the driver variable was fol-
lowed by a high (low) value of the response variable after the corre-
sponding lag hours (Kumar et al., 2023a; Nayak et al., 2023). 

2.3.5. Step-wise lag regression models for streamflow 
In order to assess the relative influences of transpiration and rainfall 

on streamflow, a combination of a temporal lag model and the Gener-
alised least squares (GLS) regression model (gls function, package nlme) 
with the suitable correlational structure was used in a step-wise manner 
(Krishnaswamy et al., 2012; Kumar et al., 2023a). The environmental 
variables showed significant temporal autocorrelation and lag with 
stand transpiration, necessitating the temporal lag model. The GLS 
regression method estimates the maximum likelihood of the regression 
coefficients using generalised least-squares and is most suitable for 
analysing time-series data with autocorrelational structures (Krish-
naswamy et al., 2012; Kumar et al., 2023a). The streamflow GLS model 
used Q as the response variable and T, S, Antecedent moisture index 
(Ma), and P as predictor variables. Ma was used as a proxy for the 
antecedent state of moisture in the system and estimated using equation 
2, where Pcum, Tcum, and Qcum are cumulative sums of P, T, and Q, 
respectively (Potts et al., 2006). 

Ma = Pcum − Tcum − Qcum (2) 

The streamflow GLS models were separately run for the rainless 
(December –February) and rainy (March-May) periods with first-order 
autoregressive structure (corAR1), which is considered suitable and 
parsimonious for streamflow modelling (Krishnaswamy et al., 2012; 
Pinheiro and Bates, 2006). Before running the models, S and Ma were 
normalised by subtracting the daily mean, tested for collinearity, and 
then contiguous subsets longer than five days and without any missing 
values were extracted. 

In linear regression, an interaction term is very useful in cases where 
the effect of an independent variable on the response variable is affected 

by the value of another independent variable. In headwater catchments, 
both soil moisture and transpiration can independently affect stream-
flow through recharge (S contributing to Q gravimetrically) and 
abstraction (tree roots accessing groundwater directly), respectively 
(Asbjornsen et al., 2011; Kirchner et al., 2020; Moore et al., 2011). 
However, they may also act in a continuum where transpiration draws 
the moisture from the soil, which could have potentially contributed to 
streamflow. In such a case, soil moisture acts as a buffer between tran-
spiration and streamflow, and any changes in soil moisture will affect 
both T and Q independently, as well as the relationship between T and 
Q. Thus, we used the interaction term between S and T (S*T) as the 
predictor variable to assess the effects independently and interactively. 
The interaction term S*T was the predictor variable for the 
precipitation-free periods (Equation 3), whereas P, Ma, and the inter-
action term S*T were the predictor variables for the period with pre-
cipitation (Equation 4), where β and γ are the regression coefficients, for 
equation 3 and equation 4, respectively. 

Q = β0 + β1 ∗ S + β2 ∗ T + β3 ∗ S ∗ T + ϵ (3)  

Q = γ0 + γ1 ∗ S + γ2 ∗ T + γ3 ∗ S ∗ T + γ4 ∗ P + γ5 ∗ Ma + ϵ (4) 

If the individual variables and their interaction were found statisti-
cally significant (p < 0.05), we interpreted the interaction term only. 
However, if the interaction term was statistically significant but the 
individual variables were not, we still interpreted the individual terms 
alongside their interaction term following the hierarchical principle. 

Owing to the observed lag between the driver variables, the GLS 
model was run using a reconstituted time-series dataset, where each 
driver variable was first tested for the lag in a step-wise manner 
(Krishnaswamy et al., 2012). For each driver variable, firstly, the highest 
significant lag (L in hours, at ACF >= |±0.4|) between the driver and 
response (Q) variable was calculated for each contiguous subset using 
the ccf function. Then, the driver variable was lagged from zero lag to L 
hours to develop a multiple lagged time-series for each driver variable. 
Multiple linear regression models (MLRs) were fitted between Q and the 
lagged time-series the driver variable, and the time-series with the 
lowest significant lag (p ≤ 0.05) was chosen. The MLRs were used as an 
additional step to ensure that the lagged time-series was most suited to 
Q. The procedure was repeated for the other driver variables, and the 
final time-series set was used to run the GLS model (Kumar et al., 
2023a). We also tested the impact of adding correlational structure to 
the GLS model by running the GLS model separately with and without 
correlation structures and comparing the results using the Analysis of 
variance (ANOVA) test. The GLS model with the lowest Akaike Infor-
mation Criterion (AIC), higher likelihood ratio, and significance was 
chosen for interpretations of variables with significant coefficients (p ≤
0.05) (Krishnaswamy et al., 2012). The Gupta-Kling Efficiency (KGE) 
score was used to assess the model performances by comparing the 
observed and predicted time-series of Q (Gupta and Kling, 2011). 

3. Results 

3.1. Stand transpiration and environmental characteristics 

Average stand transpiration (T) ranged from 0.02 to 5.28 mm d− 1, 

approaching a maximum of 5.28 mm d− 1 and mean (±standard devia-
tion) of 1.29±0.99 mm d− 1 (Fig. 2c). T exceeded the 75th percentile (1.9 
mm d− 1) on 25% of total days (n = 29 days) and the 90th percentile (3.2 
mm d− 1) on 10.5% of total days (n = 12 days). The average T in summer 
(1.76±1.3 mm d− 1) was 34% higher than in winter (1.16±0.8 mm d− 1). 
December to February was marked as the dry season with little precip-
itation, low E0, depleting soil moisture and lowest streamflow. From 
March onwards, soil moisture recovered with the initial summer 
showers, followed by heavier summer precipitation in April and May, 
moderate E0 and flash responses in streamflow. The texture analysis 
shows that the forest soil is well-drained sandy loam (Supplementary 
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Figure A6a). The average available water holding capacity was 16±8%, 
which increased with the soil depth reaching a maximum of 21±9% at 
40 cm depth (Supplementary Figure A6b). The average unsaturated soil 
hydraulic conductivity was relatively low (mean±SD, 7.3 ± 4.8 mm 
h− 1). The precipitation intensity at the site was below the mean unsat-
urated hydraulic conductivity till the 90th quantile, with a maximum of 
24 mm h− 1 (Supplementary Figure A7). 

3.2. Role of transpiration in catchment water balance 

In the absence of continuous in-situ E0 and T observations for the 
whole year, water balance was estimated for the study period when 
concurrent data was present for all the parameters (n = 72 days). The 
total precipitation (P, 157 mm) was partitioned into high transpiration 
(T, 86.8 mm, 55.3% of P), minor changes to soil moisture storage (ΔS, 
2.2 mm, 1.4% of P), and streamflow (Q, 23.4 mm, 14.9% of P), and the 
remainder was attributed to other evaporative losses (Eloss, 44.5 mm, 
28.4% of P). As seen in Fig. 2d, the fully saturated soil moisture reserve 
dips to its lowest point in mid-February and is replenished back to its 
original levels by the pre-monsoon precipitation in March-May 2014. 
Thus, despite significant fluctuation in soil moisture levels, i.e. the dif-
ference between maximum and minimum soil moisture over the study 
period was 18 mm, the net change (ΔS) was negligible. Event-based 
catchment water balance was computed for four precipitation events 
ranging from 13 to 82 mm in volume and 1–6 days in duration (Fig. 3). 
The events mark the first rains in the summer after a prolonged dry 
winter (Fig. 2a). The first two events (Event 1 and 2) were initial 
showers of a few hours each and low antecedent moisture (Ma, 0.1 ± 0.8 
mm). They mainly contributed to the soil moisture storage (ΔS) and high 
evaporative losses (Eloss) while barely contributing to streamflow (Q). 
However, the later events, post soil saturation and at higher Ma (48±33 
mm), marked a further increase in evaporative losses (Eloss) but also a 
marked increase in T and streamflow (Q). T as a fraction of total 
evapotranspiration losses (T + Eloss) varied from 5 to 15% across the four 
events. 

3.3. Impact of precipitation on stand transpiration 

A total of nine precipitation pulses were identified during the study 
period, including eight events in summer, while one small-sized pre-
cipitation (2.5–10 mm) was in winter (Supplementary Table A1). The 

event volumes ranged from 5.3 to 82.2 mm with a mean precipitation 
volume of 35.9 ± 29.1 mm. On average, T almost doubled (93±110%) 
after the three medium-sized precipitation pulses (10–25 mm) and 
increased by one-third (29±28%) after the four large-sized pulses (≥25 
mm) (Table 1). Incidentally, the days with unusually higher values of T 
after the medium-sized precipitation pulse (10–25 mm) were accom-
panied by a moderate increase in evaporative demand (moderate E0 and 
Ma), sunlight (Rs, 48±41%), and VPD (29±63%). In contrast, large 
precipitation pulses (≥25 mm) were followed by increased sunlight 
availability (79±45%) and a moderate decline in VPD (− 14±23%), an 
increase in evaporative demand (E0, 67±58%) and low antecedent 
moisture conditions, leading to a proportionately moderate increase in 
T. However, T declined by − 64±7% after the two small precipitation 
pulses (2.5–10 mm), despite the rise in VPD (74±118%) and decline in 
antecedent moisture conditions. Expectedly, the increase in the size of 
precipitation pulses led to an exponential increase in Q, whereas the 
effect on S was highest after mid-sized events. 

3.4. Diel cycles in stand transpiration, evapotranspiration, soil moisture 
and streamflow 

The changing dynamics between soil-plant-atmosphere-streamflow 
can be closely observed in Fig. 4, which shows continuous time-series 
plots of E0, T, S, Sdiel, Q, and Qdiel for a 17-day rainless period in the 
winter. The days have consistent E0 with a modular peak at 1300–1400 h 
and negligible E0 during the night (Fig. 4a). Conversely, during half of 
the days, T showed bi-modal peaks, characterised by early onset (pre- 
dawn), a minor peak early in the morning (0700 h) and the major peak 
coinciding with E0 at 1400 h. On other days, T showed a unimodal peak 
at 1400 h (Fig. 4b). S declined linearly over the period, whereas Q 
showed an abrupt decline in the middle (Fig. 4c and 4e). 

In the first half, Sdiel had afternoon peaks (1500 h) and early morning 
(0400–0800 h) troughs (Fig. 4d). In this period, T showed bi-modal 
peaks, and the pre-dawn onset of T coincided with the decline of Sdiel. 
Afterwards, Sdiel recovered sharply during the mid-day trough in T, 
albeit with 2-hours lag time, but started to decline again as T gained 
momentum for the second peak. In the latter half, the afternoon peaks in 
Sdiel shifted to noon (1200 h) with an increase in the amplitude of diel 
fluctuations, which could be attributed to the lesser number of days with 
bimodal peaks in T during the second half. In the first half, Qdiel had bi- 
modal peaks in the morning (0800 h) and evening (1700 h) and troughs 
in the pre-dawn (0400 h) and mid-day (1200–1500 h) periods, which 
shifted to unimodal peaks in morning (0800 h) in the later half (Fig. 4f). 
Sdiel and Qdiel were out of sync, with the peak in the former coinciding 
with the trough in the latter (Supplementary Figure A5). However, the 
peak in E0 and the second peak in T coincided with the peak in Sdiel and 
the trough in Qdiel. 

The relative size of diel cycles of streamflow (Q) to the overall Q was 
computed over nine contiguous rainless periods (longer than five days) 
to understand if the diel cycles were significant (Fig. 5a). The ratio of the 
variance of the diel component of Q (Qdiel) to the variance of Q ranged 
from 1.3 to 27% with a mean±SD of 7.1 ± 8%. The variance ratio 
increased from winter (4 ± 3.5%) to summer (14±12%), peaking in 
March (27%) (Fig. 5a). The low values in April (7 ± 0.4%) were pre-
ceded by significant precipitation events. Similarly, the ratio of the diel 
amplitude of Q (Qdaily.amp) to daily Q (Qdaily) increased from 0.8 to 76% 
with a mean±SD of 23±11% reaching the high points in March (34 
±13%) and November (28±14%) coinciding with extended rainless 
periods (Fig. 5b). 

3.5. Lag correlation between transpiration, soil moisture and streamflow 

The simple correlation tests between T, soil moisture and streamflow 
variables yielded low correlations due to temporal lags between the diel 
cycles of different variables. The cross-correlation analysis accounted for 
the shifting lags between T, S, P and Q with considerable variation 

Fig. 3. Barplot shows percentage fractions of water balance components for 
different precipitation events. 
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observed across the winter (dry) and summer (wet) periods (Fig. 6). 
On half of days in the winter (N = 18), the diel peak in S lagged the 

diel peak in T by − 2.2 ± 4.1 h with strong positive correlations (0.66 
±0.1). However, on the remaining days in winter (N = 16), the diel 
trough in S lagged the peak in T by − 1.5 ± 6 h with strong negative 
correlations (− 0.55±0.1). In summer, on most days (N = 14), the trough 
in S lagged peak T by − 6 ± 3 h with negative correlations (− 0.55±0.1), 
whereas, with the advent of rains, the peak in S lagged peak T by − 1.3 ±
7.6 h (N = 11 days) with positive correlations (0.6 ± 0.16). Similarly, on 
most days in the winter, the diel peak in S lagged the peak Q by 1.3 ± 5 h 
(N = 22 days) and with positive correlations (0.56±0.1), whereas on 
remaining days (N = 9), the trough in Q lagged the peak S by 0.11±2 h 
and negative correlations (− 0.6 ± 0.1). However, in the summer, with 
increased wetness, peak S lagged peak Q by an increased lag time (2.9 ±
3 h, N = 15) with positive correlations (0.7 ± 0.16). However, on the 

remaining days, the trough in Q lagged the peak S by − 3.3 ± 5.4 h and 
negative correlations (− 0.58±0.1). On most days in the winter, the peak 
in T lagged the peak Q by 1.3 ± 5 h (N = 20 days) and with positive 
correlations (0.56±0.1), whereas on remaining days (N = 14), the peak 
in T lagged the trough in Q by 1.3 ± 4 h and negative correlations (− 0.6 
± 0.1). However, with increased transpiration rates in the summer, peak 
Q lagged peak T by an increased lag time (− 1.6 ± 6 h, N = 14) with 
positive correlations (0.7 ± 0.1). However, on the remaining days in the 
summer (N = 12), the trough in Q lagged the peak T by − 2.1 ± 2.8 h and 
negative correlations (− 0.64±0.1). Expectedly, Q peaked − 1.5 ± 0.7 h 
after the peak precipitation (P) with positive correlations (0.43±0.01) in 
the winter (N = 2), and the lag time reduced to − 0.9 ± 2.7 h with strong 
positive correlation (0.7 ± 0.14, N = 10) in the summer. 

Table 1 
Percentage changes (real values in bracket) in Reference Evapotranspiration (E0), Net radiation (Rs), Vapour pressure deficit (VPD), Stand Transpiration (T), Soil 
moisture (S), Cumulative antecedent moisture index (Ma) and Streamflow (Q) after precipitation pulses of varying sizes (SE = standard error, N = Number of events).  

Precipitation (P) size classes (mm, mean 
±SE, N) 

ΔRs in% 
(kW m −
2±SE) 

ΔVPD in% 
(unitless− 1±SE) 

ΔE0 in% 
(mm d −
1±SE) 

ΔT in% (mm d −
1±SE) 

ΔS in% (mm 
±SE) 

ΔMa in% (mm 
±SE) 

ΔQ in% (mm d −
1±SE) 

2.5–10 
(7 ± 1, N = 2) 

− 3 
(− 0.001) 

74±118 
(0.03±0.04) 

− 3 
(0.01) 

− 64±7 
(− 0.55±0.3) 

1 ± 2 
(− 0.6 ± 0.9) 

− 1444 
(2.86) 

− 3 ± 1 
(− 0.01±0.002) 

10–25 
(20±4, N = 3) 

48±41 
(0.04±0.03) 

29±63 
(0.01±0.04) 

51±44 
(0.55±0.43) 

93±110 
(0.24±0.36) 

13±9 
(6.1 ± 3.9) 

356 `±326 
(12.4 ± 5.2) 

39±22 
(0.07±0.06) 

>25 
(62±11, N = 4) 

79±45 
(0.03±0.02) 

− 14±23 
(− 0.02±0.02) 

67±58 
(0.39±0.36) 

29±28 
(0.02±0.4) 

3 ± 4 
(1.53±2.3) 

39±41 
(13.4 ± 15.3) 

209±218 
(0.3 ± 0.33)  

Fig. 4. Time-series plots of SPAFC variables for a rainless 17-day contiguous period in winters: (a) Evapotranspiration (E0), (b) Stand transpiration (T), (c) Soil 
moisture (S), (e) Streamflow (Q), and (d) Sdiel and (f) Qdiel are the diel components of soil moisture and streamflow, respectively. The vertical dotted lines mark 0000 
h time for each day and the vertical dashed line marks the mid-point of the dataset shown. 
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3.6. Step-wise lag regression model for streamflow 

The streamflow GLS model was fitted to four rain-free periods from 
November to May, including three in winter (6–17 days in length) and 
one in summer (27 days in length) (Table 2). The streamflow GLS model 
with corAR1 correlation structure had significantly lower AIC than the 
GLS model without any correlational structure and was chosen for 
model interpretation. In summer, P lagged by an hour as per lag 
regression analysis and the final timeseries was suitably lagged. The 
streamflow GLS model performed better in winter with higher concur-
rence between predicted and observed Q (r2 = 0.56, p < 0.001, NSE =
0.56) than in summer (r2 = 0.31, p < 0.001, NSE = 0.27), and with 
moderate concurrence overall (r2 = 0.37, p < 0.001, NSE = 0.27) 
(Table 2). The diel pattern of predicted Q was in sync with observed Q 
but failed to replicate the bi-modal peaks (Supplementary Figure A8). 

At the start of the dry season, with abundant soil moisture conditions 
in Event 1, the interaction term between S and T (S*T) was a moderately 
significant (P = 0.069) predictor of Q with a negative coefficient, sug-
gesting soil moisture and transpiration are modulating streamflow in 
combination. As the dry season progressed, T became a more robust 
predictor of Q during Event 2 (p = 0.09) and Event 3 (p = 0.01) with 
negative coefficients and under average S conditions. However, with the 
advent of precipitation in summer in Event 4, P (p < 0.001) was the 
strongest predictor, followed by Ma (p = 0.004). Interestingly, the 
interactive term S*T remained a predictor of Q with positive co-
efficients, albeit with lesser significance (p = 0.12). Incidentally, T had 
negative slope coefficients across the dry and wet periods, indicating a 
loss of potential Q to T. 

4. Discussion 

The study site is unique in being the wettest high-elevation TMF site 
in the world (90th percentile of the elevations and 80th percentile of 
precipitation), where concurrent observations of direct transpiration, 
streamflow, and micro-climate measurements have been carried out so 
far (Supplementary Figure A9) (Bruijnzeel et al., 2011; Kumar et al., 
2023a; D. McJannet et al., 2007). At the site, the lower latitude (27–28◦) 
and proximity to the south-west Indian monsoon favour tropical 
climatology, with the bulk of the precipitation occurring in the 
late-night to early morning period, a phenomenon unique to the 

Fig. 5. Barplots showing (a) the mean ratio of the variance of the diel 
component of streamflow (Qdiel) and streamflow (Q), and (b) the mean ratio of 
the diel amplitude of Q (Qdaily.amp) to mean daily Q (Qdaily), computed for 
contiguous rainless periods in the hydrological year 2013–2014. The error bars 
represent standard errors. 

Fig. 6. Boxplots showing diel lag hours at maximum auto-correlation coefficients (ACF) for the combinations: (a) T vs. S, (b) S vs. Q, (c) T vs. Q and (d) P vs. Q.The 
variables are Stand transpiration (T, mm h− 1), Precipitation (P, mm h− 1), Soil moisture (, mm) and Streamflow (Q, mm h− 1). The horizontal dotted line denotes the 
zero lag hours. 
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Himalaya (Barros and Lang, 2003). The wet and tropical climatology 
have supported high transpiration rates in the fast-regenerating sec-
ondary forests communities (Kumar et al., 2023a), and this study at-
tempts to understand its impact on hydrological partitioning in 
data-scarce Eastern Himalaya. The study has two major limitations 
which hampered catchment water balance estimation: (1) low sample 
size underlying the sapwood area to tree diameter relationship estima-
tion, which is used for scaling from whole-tree sap flow to stand tran-
spiration, and (2) the inability to monitor soil moisture below 30 cm 
depth and data gaps due to equipment malfunctions. 

Most sap flow studies come from relatively homogenous or well- 
studied long-term experimental plots and assume a linear fit between 
tree size and sapwood area for scaling whole-tree sap flow (Asbjornsen 
et al., 2011; Berry et al., 2018b; Kumagai et al., 2005b). However, the 
assumptions of linear fit are limited to homogenous stands, and 
non-linear regression models are recommended for studies in 
uneven-aged secondary forests (Forrester et al., 2022). While comparing 
the effect of tree size on scaling from whole-tree sap flow to stand 
transpiration in South American TMFs, Berry et al. (2018b) stressed on 
developing an empirical and conceptual understanding of the relation-
ships between tree size, active sapwood and species-specific ecological 
traits. They highlight that the non-linear increase in sapwood depth with 
tree diameter in large trees and supply-side constraints on water trans-
port (limitations associated with soil water, stomatal conductance, etc.) 
can lead to reduced actual water use in large trees than suggested by 
linear relationships. Thus, despite being limited by 13 instrumented 
trees in this study, the observed non-linear fit between the sapwood area 
vs. tree diameter relationship was ecologically appropriate for the sec-
ondary forest stand being investigated (Supplementary Figure A3). 

Further, field instrumentation in remote, high-elevation Himalayan 
catchments is challenging, and data losses are a reality. Despite these 
challenges, the study installed and maintained more than ten different 
type of environmental sensors that recorded sap flux, soil moisture, 
streamflow, precipitation, and other micrometeorological variables at 
high frequency. Due to logistical limitations, we could not monitor the 
soil moisture at depths greater than 30 cm, which blinds us to any 
downward moisture flux to the deeper soil layers and contributions to 
aquifer recharge. We addressed the lacunae through two reasonable and 
physically sound assumptions: (1) the soil profile acts as a transient 
storage facilitating moisture transfer between infiltration, evapotrans-
piration and recharge, and (2) streamflow is inclusive of changes in deep 
soil moisture and shallow aquifer (D. McJannet et al., 2007). The first 
assumption is particularly valid for steep mountain catchments like ours 
with low soil depth and shallow and sloped aquifers (Supplementary 
Figure A6b) (Fan et al., 2023; Kumar et al., 2023a). It can be assumed 
that any downward soil moisture flux recharges the aquifer and ulti-
mately contributes to the stream as baseflow. Thus, under non-leaky 

aquifer conditions, changes in aquifer storage can linearly reflect in 
streamflow (Q), which supports the second assumption (D. McJannet 
et al., 2007). However, the assumptions may become invalidated in 
catchments with deep soils and/or leaky aquifers, and deep soil moisture 
monitoring and hydrogeological surveys are recommended for future 
ecohydrological studies in the Himalaya. 

4.1. Transpiration in wet TMF of eastern Himalaya 

The rate of transpiration in a forest stand provides crucial informa-
tion regarding the vegetation’s capacity to recirculate moisture, which 
varies considerably with the stand age, species-specific water-use effi-
ciency, and availability of moisture and energy. The observed mean 
daily transpiration (1.29±0.99 mm d− 1) in wetter Eastern Himalaya was 
found to be approximately double that of the relatively drier Central 
Himalayan oak forests (MAP = 1331 mm) in Nepal (Ghimire et al., 
2014b), but comparable with similarly wet low elevation (450- 650 
masl) TMFs (MAP = 4200–5000 mm) in Costa Rica (Aparecido et al., 
2016; Moore et al., 2018) and similar elevation TMF (MAP = 2067 mm) 
in Southern Andes (Motzer et al., 2010). The maximum daily stand 
transpiration (5.3 mm) is 14% higher than the highest rates (~4.6 mm) 
reported from tropical montane or lowland forests (Bruijnzeel et al., 
2011; D. McJannet et al., 2007). The observed nocturnal transpiration 
(Tnight) was similar to studies (~12%) from China (Siddiq and Cao, 
2018) and other parts of the globe (Forster, 2014). 

Overall, the relatively higher transpiration rates, despite being at a 
higher elevation, are possibly fueled by faster growth rates and higher 
interception losses from the secondary forest vegetation in a very wet 
environment. However, there is a lack of understanding of the changes 
in functional diversity and forest composition at different successional 
stages in secondary tropical forests and their impact on carbon and 
water cycles (Oberleitner et al., 2021; Rozendaal et al., 2021). In the 
accompanying study, Kumar et al. (2023a) show that the dominant 
pioneer (Symplocos racemosa and Eurya acuminata) and late-successional 
species (Castanopsis hystrix) in the studied forest stand have significantly 
higher sap flux densities than their counterparts in relatively drier parts 
of Himalaya or in higher latitudes. The high transpiration rates could 
also indicate their evolution under a relatively wetter climate of Eastern 
Himalaya and merit further investigations on water-use efficiencies with 
changing climate (Panthi et al., 2020). Along similar lines, Pandey et al. 
(2020) have suggested that climate warming and increased summer 
precipitation will likely remove moisture constraints on photosynthesis 
on treeline conifer and broad-leaved species in wetter parts of eastern 
Nepal Himalaya. This is further bolstered by faster transpiration re-
covery after low-mid-sized precipitation pulses. Such behaviour is 
accompanied by high evaporative demand (high E0 and D), as seen in 
the Australian woodland (Burgess, 2006; Zeppel et al., 2008). It is also 

Table 2 
Results from Generalised least squares (GLS) linear regression model with corAR1 correlational structure for streamflow (*p < 0.05, ** p < 0.01, *** p < 0.001). 
Predictor variables include Stand transpiration (T, mm h− 1), Soil moisture (S, mm), Precipitation (P, mm h− 1), Antecedent moisture index (Ma, mm h− 1), and the 
response variable is Streamflow (Q, mm h− 1). S*T is the interaction term between soil moisture and stand transpiration.  

Model Season Event (No. of days) Variables Lag (L, in h) Coefficients Std. Error t-value p-value (p) 

Q ~ S*T Winter 1 (10 days) T 0 0.0002 0.0009 0.198 0.84    
S 0 0.0006 0.0007 0.794 0.43    
S* T 0 − 0.0186 0.0102 − 1.828 0.07   

2 (17 days) T 0 − 0.0011 0.0007 − 1.729 0.09    
S 0 − 0.0002 0.0005 − 0.460 0.65    
S* T 0 − 0.0061 0.0055 − 1.120 0.26   

3 (6 days) T 0 − 0.0048 0.0019 − 2.513 0.01*    
S 0 0.0001 0.0008 0.098 0.92    
S*T 0 − 0.0151 0.0146 − 1.034 0.30 

Q ~ P + Ma + S*T Summer 4 (27 days) P 1 0.0044 0.0002 24.132 <0.001***    
T 0 − 0.0042 0.0042 − 0.993 0.32    
S 0 0.0004 0.0008 0.493 0.62    
Ma 0 0.0005 0.0002 2.924 0.004**    
S*T 0 0.0131 0.0084 1.556 0.12  
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common to forest stands with deep-rooted species (Castanopsis hystrix), 
as seen at the study site (Kumar et al., 2023a) and in the semi-arid parts 
of China (Chen et al., 2014). Here, the role of low-moderate precipita-
tion pulses after a prolonged dry period becomes crucial for the 
shallow-rooted pioneer species and less for the deep-rooted late--
successional species. Thus, with climate change, the predicted decline in 
winter precipitation and small precipitation events may significantly 
impact the species composition and primary productivity of these 
regenerating secondary forests (Krishnan et al., 2019; Krishnaswamy 
et al., 2014). 

4.2. Role of transpiration in catchment ecohydrology 

In wet secondary TMFs with high transpiration rates, stand transpi-
ration and canopy interception losses can exceed reference evapo-
transpiration estimated using micro-meteorological data (Kumar et al., 
2023a). Thus, studies lacking direct measurements of transpiration and 
interception losses can underestimate the contribution of total evapo-
transpiration to water balance. This gap in our understanding of water 
balance in high-altitude TMFs is further accentuated by steep gradients 
and heterogenous canopy, which reduce the accuracy of 
remotely-sensed evapotranspiration (Núñez et al., 2021). Our inability 
to monitor deep soil moisture flux may confound the overestimation of 
Eloss, although high fractions of evapotranspiration to precipitation are 
common in wet regions of the globe (Ukkola and Prentice, 2013). 
Similar to our study, Leopoldo et al. (1995) used direct sap flow methods 
to show evapotranspiration constituting up to two-thirds of the annual 
water balance in a forested catchment in Brazil, including 57% contri-
bution of transpiration. D. McJannet et al. (2007) reported high frac-
tions (13–50%) of T and other evaporative losses to annual precipitation 
using direct sap flow methods in mountain forests of Australia. Other 
studies have estimated traditional evapotranspiration estimates using 
microclimatic data to report high fractions of E0 to annual P (68%) in 
high Andean mountains (Rodríguez-Morales et al., 2019) in a subalpine 
catchment in China (69–94%) (Yan et al., 2017), and in neighbouring 
Bhutan (mean±SD, 46±6%) (Dorji et al., 2016). However, the fraction 
of T to total evapotranspiration losses (5–15%) estimated through 
catchment water balance was similar to the results from mixed-oak 
forests (14%) in drier Central Himalaya (Ghimire et al., 2014b). 

Few studies have explored the interactions between vegetation water 
use, soil moisture, and streamflow at a fine temporal resolution in TMFs 
(Ghimire et al., 2014b; Kumar et al., 2023a; Rai and Sharma, 1998). 
Interestingly, the catchment water balance was first modulated by soil 
moisture, and after its saturation, evapotranspiration and streamflow 
components increased in significance. The results, along with the 
changes from bimodal to unimodal peaks in diel streamflow, illustrate 
mechanistic linkages between T, S and Q after a precipitation event and 
over changing antecedent moisture conditions (Hou et al., 2023). As 
observed at the study site, low soil infiltration rates and high precipi-
tation intensities may lead to high infiltration-excess runoff generation 
in the wet season (Ghimire et al., 2014a; Nanda et al., 2019). 
Conversely, high moisture uptake by vegetation may lead to relatively 
lower streamflow output in the dry season compared to a primary forest 
(Wright et al., 2018). The phase lags between T, S and Q were 
confounded by significant pre-dawn sap flux movement (Kumar et al., 
2023a) and the presence of secondary diel peaks in S and Q. The 
catchment response to precipitation pulses varied with antecedent 
moisture conditions, and the corresponding increase in T after 
medium-large pulses had a stronger negative influence on S and Q than 
after small precipitation events. An experimental study with orange 
trees reported similar patterns of mid-sized precipitation (>10 mm) 
leading to an increase in transpiration on subsequent days, while low 
precipitation pulses had a negative effect (Hou et al., 2023). It is likely 
that moderate-sized precipitation pulses, after a prolonged dry period, 
replenish the soil moisture stock, while boosting T, whereas small pre-
cipitation pulses provide little contribution to S and Q but trigger high T 

responses, thereby inducing the negative effect. Future research could 
combine using isotope-based methods with sap flow studies to shed 
better light on these complex interactions. At a coarser scale, Chanda 
et al. (2024) show that the positive impact of precipitation on forest 
productivity (measured as NDVI) is visible at a lag of 2-3 months in the 
Eastern Himalaya. The GLS model results also showed that transpiration 
exerted significant controls on the diel and seasonal streamflow, with 
soil moisture acting as the mediator in winter. Similar to evidence from 
headwater catchments in the USA and the UK, T and its interaction term 
with S were significant predictors of Q with significant negative co-
efficients, indicating that high T leads to a decline in Q (Bond et al., 
2002; Thomas et al., 2012). Coupled with evidence that Himalayan tree 
species can extend roots up to 150 cm (Pathak et al., 2021), at the study 
site, Kumar et al. (2023a) observed that the deep-rooted Fagaceae spe-
cies Castanopsis Hystrix can access deeper moisture layers, which 
otherwise would have contributed to the stream as baseflow. In the 
summers, precipitation and antecedent moisture (Ma) were the principal 
drivers of streamflow. However, the interaction term between T and S 
remained a significant predictor, signalling continued water uptake by 
vegetation. 

The observed bimodal peaks in Qdiel during precipitation-free days 
are more common in catchments with multiple hydrological controls, i. 
e., hydrogeological and evapotranspiration (la Cecilia and Camporese, 
2022; McMillan, 2020). The observed morning maxima in streamflow 
are commonly attributed to evapotranspiration (Graham et al., 2013; 
McMillan, 2020; Moore et al., 2011), while the sharp decline and slow 
recovery (Supplementary Figure A5) indicate variability in baseflow and 
interflow contributions to the streamflow (Lundquist and Cayan, 2002; 
McMillan, 2020). As a fraction of Q, the diel fluctuations were at the 
higher end of observations from small catchments in the USA (Gannon 
et al., 2020) and exceeded the 30% significance threshold suggested by 
Lundquist and Cayan (2002) on at least one-fifth of the total days. The 
significance threshold is a function of catchment size, gradient and 
variability in stream velocities across different seasons and, thus, is 
likely to be lower for headwater catchments than low-elevation flood-
plains (Wondzell et al., 2007). The amplitude-to-discharge fraction ap-
pears to be a function of the evapotranspiration demand, the extent to 
which sub-surface moisture is available for transpiration and/or evap-
oration, and the magnitude of the total discharge, all of which are 
highest in the summer and lowest in the winter (Lundquist and Cayan, 
2002; McMillan, 2020). Thus, the diel cycles in streamflow gained sig-
nificance with the progression of dry periods and synchronised increase 
in vegetation activity, highlighting the controls exerted by evapotrans-
piration on streamflow (Bond et al., 2002; Moore et al., 2011). The 
increasing amplitudes of diel streamflow from winters to summers 
signified the growing abstraction by vegetation to support primary 
productivity in the dry season (Barbeta and Peñuelas, 2017; Lundquist 
and Cayan, 2002). Referring back to the literature on the isotopic sep-
aration of water that contributes to transpiration and streamflow (Bar-
beta and Peñuelas, 2017; Berry et al., 2018a), we suggest that in these 
broad-leaved Himalayan TMFs with steep slopes and shallow soils, trees 
can access deeper sub-surface water for transpiration. Evidence of this is 
shown by Kumar et al. (2023a) at the study site, where groundwater is 
well within reach of deep-rooted tree species like C. hystrix, allowing 
them to continue transpiring at the peak of the dry season, while 
shallow-rooted fast-growing pioneer species like S. racemosa and 
E. acuminata propelled vegetation water use in moisture abundant 
conditions in summer. 

Thus, in a regenerating secondary forest, stand transpiration can 
have a significant impact on streamflow (Wright et al., 2018). Studies on 
climate change in the Eastern Himalaya have predicted an increase in 
summer precipitation, declining winter precipitation, and increasing 
summer and winter temperatures (Krishnan et al., 2019; Kumar et al., 
2021). In summer, precipitation provides enough moisture to ensure 
peak vegetation productivity in April. At the site, the summer precipi-
tation predominantly falls in the afternoon period, which, coupled with 
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evidence of the pre-dawn onset of sap flow in both pioneer and 
late-successional species, suggests considerable plasticity in the 
ecophysiological traits related to plant-water use in a wet and tropical 
montane environment (Kangur et al., 2021; Kumar et al., 2023a). 
However, increased summer precipitation in future could result in 
higher cloud cover, negatively impacting both vegetation productivity 
and transpiration, leading to increased streamflow (Donohue et al., 
2017). The overall effect of temperature and precipitation changes on 
biodiversity in the region remains complex and requires ecohydrological 
models specific to the East Himalayan TMFs (Asbjornsen et al., 2011). 

5. Conclusions 

Globally, the effect of vegetation water-use on streamflow varies 
greatly due to species-specific, environmental and geomorphological 
peculiarities (Asbjornsen et al., 2011; Wright et al., 2018). High mois-
ture availability, tropical climatology, and regenerating secondary for-
ests provide unique conditions for observing plant-water relations and 
hydrological services, hitherto unstudied in the Himalaya (Kumar et al., 
2023a). These are the first empirical observations of mechanistic control 
of transpiration on streamflow from the Himalaya and add to the ob-
servations drawn by previous studies in the region and to the literature 
on wet TMFs globally. Stand transpiration is double that of relatively 
drier Central Himalaya (Ghimire et al., 2014b) but at the lower bound of 
the values reported from tropical montane cloud forests globally 
(Bruijnzeel et al., 2011). It indicates the interactive role of precipitation 
and elevation in modulating the available energy and moisture, which in 
turn modulates the plant productivity and transpiration rates in 
fast-regenerating secondary TMFs. Transpiration and other evaporative 
losses formed a significant part of the catchment water balance. Tran-
spiration was a significant predictor of streamflow in the dry season and, 
to a lesser extent, in the wet season. The study shows that moderate 
precipitation pulses followed by clear skies can significantly increase 
stand transpiration. Thus, changes in vegetation cover and precipitation 
patterns with climate change may significantly impact the 
vegetation-streamflow linkages in the secondary broad-leaved tropical 
montane forests in the Eastern Himalaya. The studied broad-leaved 
montane forests in Eastern Himalaya are the most species-rich in the 
world and have experienced considerable human pressures (Kanade and 
John, 2018; Sudhakar et al., 2008). The TMFs provide protective 
catchments for the principal water resources, the springs, and streams, 
and thus, better understanding their plant-soil-streamflow processes is 
critical to quantifying the ecosystem services, addressing regional water 
security issues (Kumar et al., 2023b) and ecosystem modelling efforts 
(Krishnaswamy et al., 2014; Sebastian et al., 2019). We suggest that 
including diel and seasonal variability in stand transpiration will be 
critical to increasing the accuracy of land-surface interaction models, 
and predicting the impact of climate change on Himalayan 
ecohydrology. 
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Borma, L.S., Bretfeld, M., Hervé-Fernández, P., Seyfried, M., Schwendenmann, L., 
Sinacore, K., De Wispelaere, L., McDonnell, J., 2018a. The two water worlds 
hypothesis: addressing multiple working hypotheses and proposing a way forward. 
Ecohydrology 11. https://doi.org/10.1002/eco.1843. 
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