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Abstract

There is still limited understanding of where stream water originates, their flow paths,

how water sources mix, and for how long water transits montane tropical catch-

ments. Here, we used a simple gamma convolution integral model (GM), ensemble

hydrograph separation (EHS) and a tracer-aided model (TAM) to assess runoff gener-

ation, mixing processes and water ages in the pristine tropical rainforest Quebrada

Grande catchment in Costa Rica. Model simulations are based on a four-year record

(2016–2019) of continuous hydrometric and stable isotope observations. Compara-

tive model tests included multi-objective calibration (2017–2019) and validation

(2016) using stream discharge and isotope data as well as an independent model

evaluation using groundwater and soil water isotope data. GM and TAM agreed on

the dominance of young water in streamflow that was less than 95 days old for 75%

of the study period. The EHS suggested a young water fraction threshold of 12

± 2 days with a transit time distribution that approximates the best-fit GM. These

short water ages are the result of high annual rainfall even during drier years such as

2019 with 4300 mm/a and consistent quick near-surface runoff generation with lim-

ited mixing. A supra-regional loss (�55%) of likely older groundwater was detected.

The TAM-based hydrograph separation (streamflow KGE > 0.78, δ2H KGE > 0.90)

suggested an average near-surface water contribution of more than 60% to

streamflow emphasizing the dominance of quick flow paths. This tropical rainforest

represents one of the quickest streamflow responses of mostly young water of pris-

tine catchments globally.
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1 | INTRODUCTION

Central America has been identified as a tropical climate change hot

spot (Giorgi, 2006; Gonzalez et al., 2017). For Costa Rica, the

IPCC (2021) expects increasing temperatures and decreasing annual

precipitation until the end of this century. The Radiative forcing Con-

centration Pathway (RCP) 8.5 scenario projects an increase in mini-

mum temperatures of about 4�C and an average precipitation
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decrease of 31% by the end of the century in Costa Rica (Quesada-

Chac�on et al., 2021). The already observed temperature and precipita-

tion regime changes in Central America (Aguilar et al., 2005; Knutson

et al., 2006) can cause prolonged droughts (Sheffield & Wood, 2008),

which result in water scarcity (Bouroncle et al., 2017) and thus endan-

ger ecosystem functioning (Bonal et al., 2016). In Costa Rica,

increased precipitation (P) variability led to more frequent dry condi-

tions (Hannah et al., 2017) with negative impacts for the agricultural

sector and increased water resources conflicts (Esquivel-Hernández

et al., 2018; Kuzdas et al., 2014; Kuzdas et al., 2016). Additionally,

more frequent heavy rainfall events in the wet season caused flooding

in the Greater Metropolitan Area of Costa Rica (Quesada-Román

et al., 2021).

The increased risk of hydrometeorological extremes, causing

socio-economic losses (Prager et al., 2020), can only be mitigated

through measures, whose development requires robust knowledge of

hydrological processes, such as runoff generation and groundwater

recharge (Bierkens & van den Hurk, 2007). Recent efforts aiming for a

better understanding of these processes in Costa Rica (Birkel

et al., 2021; Correa et al., 2020; Sánchez-Murillo & Birkel, 2016) are

fundamental to allow stakeholders and governments to prioritize

efforts, manage resources and establish regulations for watersheds in

affected regions (Sánchez-Murillo, Esquivel-Hernández, Corrales-

Salazar, et al., 2020). However, in Costa Rica and other tropical coun-

tries, hydrological understanding is severely constrained by limited

monitoring efforts (Wohl et al., 2012) of the hydrological cycle, partic-

ularly in protected and pristine rainforest catchments that provide

crucial resources to downstream headwater-dependent systems

(Brujinzeel, 2001; Lawrence, 1992; Zadroga, 1981). Quantitative

knowledge of the hydrological services provided by rainforests is

important to guide conservation efforts such as the operating Pay-

ment for Ecosystem Services (PES) scheme (Tognetti et al., 2011) but

is currently lacking in Costa Rica. The Quebrada Grande study catch-

ment forms part of such a PES scheme (Wallbott et al., 2019), but has

a high mean annual carbon flux (6.7 ± 0.1 g m�2 year�1) with high

DOC concentrations in streamflow (Figure S1B; Sánchez-Murillo,

Romero-Esquivel, et al., 2019).

Assessments of the flow pathways, transit times, and water

sources that could be related to DOC transport are crucially missing in

this catchment and in most parts of the Latin American tropics

(Muñoz-Villers & McDonnell, 2012; Sánchez-Murillo, Romero-

Esquivel, et al., 2019). In particular, there are significant knowledge

gaps concerning the:

1. timing and magnitude of water storage, exchange between water

sources, and the role of deeper hydrogeological systems in volca-

nic tropical landscapes (Genereux et al., 2013; Osburn et al., 2018;

Wiegand & Schwendenmann, 2013);

2. effects of extreme events on discharge-concentration relationships

and how solute transport processes, such as mobilization and sorp-

tion, are related to discharge rates (Knapp et al., 2020); and.

3. water partitioning under a changing climate (Correa et al., 2020;

Iraheta et al., 2021; Sohel et al., 2021).

In this regard, naturally-occurring water tracers (e.g., δ2H) provide

additional information to traditional hydro-meteorological data about

the hydrological cycle (Berman et al., 2013; Bony et al., 2008;

Bowen, 2008), rainfall-runoff relationship (Uhlenbrook et al., 2002) and

hydrogeological connectivity in complex landscapes (Sánchez-Murillo &

Durán-Quesada, 2019; Sánchez-Murillo, Esquivel-Hernández, Corrales-

Salazar, et al., 2020). If further implemented in TAMs, tracers can –

despite inherent model uncertainty (Birkel & Soulsby, 2015) – be a use-

ful tool to assess catchment dynamics of mixing, transport and storage

mechanisms, and ecohydrological water partitioning (Hrachowitz

et al., 2013; Hrachowitz, Soulsby, Tetzlaff, Dawson, & Malcolm, 2009;

Knighton et al., 2017). However, the information gain of the tracer

needs to be carefully evaluated against uncertainties arising from cali-

brated model parameters to incorporate tracer mixing and transport

(Uhlenbrook & Hoeg, 2003). Moreover, this information gain often rep-

resents a trade-off at the expense of slightly decreased streamflow sim-

ulation performance (Delavau et al., 2017; Seibert et al., 2003). TAMs

can also be used to track non-stationary water flux ages but do not

depend on an a priori defined transit time distribution, which is the case

for simpler convolution integral models (Remondi et al., 2018). TAMs as

wells as GMs can provide useful information about the catchment's

response to environmental changes. Additionally, flux ages are linked to

water quality (Sprenger et al., 2019) especially with regard to solutes

such as DOC. They thus support an integrated view on catchment

functioning and vulnerability (Birkel et al., 2021).

Recently, Kirchner (2016b, 2016a) introduced the “young water”
concept since mean transit time (MTT) estimates can suffer from large

spatial aggregation errors in heterogeneous catchments. The EHS

method allows the determination of water ages and young water frac-

tion thresholds directly from observed input–output tracer series, cor-

relating tracer fluctuations overcoming the need of stationary end-

member signatures (Kirchner, 2019; Kirchner & Knapp, 2020).

In order to account for the individual inherent strengths and

weaknesses of the previously described methods, we apply all three

different model strategies, that is, GM, TAM and EHS, with the com-

prehensive Quebrada Grande tracer data to compare water age esti-

mates, TTDs and young water fraction thresholds. Upon experience in

catchments around the world (Barthold & Woods, 2015), we hypothe-

sized, that this rainforest catchment likely is a well-mixed system with

a considerable contribution of older water (Kirchner, 2003; Sidle

et al., 2000), resulting in long (>1 year) transit times.

The specific objectives of this study were to:

i. develop, calibrate and independently evaluate a conceptual and

relatively simple tracer-aided model capable of simultaneously

simulating water and tracer fluxes for a small tropical rainforest

catchment;

ii. analyse and compare the estimated TTs from a convolution inte-

gral model (GM) in comparison to the TAM-tracked water flux

ages and the EHS-derived TTD; and

iii. infer runoff generation and mixing processes from the model

tests to obtain an improved understanding of tropical catchment

functioning.
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2 | STUDY AREA DESCRIPTION

The Wildlife Refuge Cerro Dantas study area is the headwater catch-

ment of the river Quebrada Grande on the Caribbean slope of central

Costa Rica and is located within the Braulio Carrillo National Park

(Figure 1; Salas-Navarro et al., 2019). The catchment drains towards

the Caribbean Sea. Most rocks are of basaltic and andesitic composi-

tion due to the location within the Barva volcano complex. This volca-

nic rock weathers quickly into sandy loam Andosols with relatively

high porosity (30%–70%; Macías et al., 2017; Table 1). The groundwa-

ter table is on average at 80 cm below the surface (blue triangle,

Figure 1; based on field-observations). The saturated hydraulic con-

ductivity of soils sampled across hillslope transects ranges from 50 to

494 mm/day (Sánchez-Murillo, Romero-Esquivel, et al., 2019). A

dense bio layer of epiphytes (i.e., mosses, ferns, bromeliads), together

with abundant dead plant material, comprises a litter layer of about

20–30 cm on average, resulting in a humic soil cover favouring near

surface flow paths.

The vegetation is a mix of primary and secondary forests with

minimum anthropogenic activity over the last 100 years

(Kappelle, 2016) The mountain stream is characterized by abrupt

stream- and riparian slope changes, large cobbles, impacted by debris

flows and low electric conductivity (<10 μS/cm; Figure S1A; Sánchez-

Murillo, Romero-Esquivel, et al., 2019).

The climate of Costa Rica is mainly influenced by the seasonal

movement of the Intertropical Convergence Zone (ITCZ), constant

and year-round moisture flow from the north-easterly trade winds,

indirect and direct hurricane and tropical storm activities and northern

hemisphere cold front outbreaks (Durán-Quesada et al., 2020). Precip-

itation is also affected by regional oceanic-atmospheric circulations

such as the El Niño Southern Oscillation (Table S1; Climate Prediction

Center Internet Team, 2020).

The climate in the Quebrada Grande catchment is dominated by

the influence of Caribbean trade winds (Table 3; Sánchez-Murillo &

Birkel, 2016), causing high humidity close to saturation throughout

the year (Figure S2A). There are two precipitation maxima: The first

maximum in May/June and the second in August until October. Cold

fronts between December and February may also result in large rain-

fall amounts and cold pulses in air and stream temperature (e.g. Feb

2016, Jan 2018, Figure S2C). The two main maxima are divided by the

Mid-Summer Drought in July, so-called “Veranillo” (Magaña

et al., 1999; Maldonado et al., 2013), and a slightly drier period from

F IGURE 1 Regional overview of
the study area with elevation from a
national 10 m grid digital elevation
model and sampling locations (b) and
location within Costa Rica (a)

TABLE 1 Summary statistics of the catchment characteristics,
climate, vegetation and soil types in the study area (Murillo
et al., 2019; Ortiz-Malavasi, 2014)

Physiographic

characteristic (unit) Mean (range)

Topography

Area (km2) 3.9

Stream length (km) 4.0

Catchment length (km) 3.6

Slope (�) 9.59 (1 to 43)

Altitude (m.a.s.l.) 2222 (1765 to 2350)

Climate and vegetation

Climate zone Humid tropics (Aw)

Land use Montane rainforest

Soil type (Table S2) Andosols (young volcanic soils)

MAYER-ANHALT ET AL. 3 of 18

 10991085, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.14508 by C

ochrane C
osta R

ica, W
iley O

nline L
ibrary on [29/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



mid-February to April. The drier months are accompanied by higher

irradiation (Figure S2B).

3 | METHODS AND DATA

3.1 | Sampling and data

The catchment has been intensively monitored since October 2015;

this includes data on meteorology, streamflow, physical soil proper-

ties, and water chemistry and isotopic composition. Meteorological

data (precipitation, air temperature, relative humidity, solar radiation

and wind speed) is recorded every 30 min at a Vantage Pro2 Plus

weather station (Davis Instruments, USA; blue triangle, Figure 1).

Actual evapotranspiration (ET) was estimated using a vegetation-

adapted version of the Penman-Monteith equation and the assump-

tion that there is unlimited water availability (Allen et al., 1998).

Stream stage and temperature are logged every 15 min with a pres-

sure transducer combined with a thermometer (AS950, Hach). Once

per week, discharge (n = 138) is measured by a tracer test, that is,

analysing the breakthrough curve of an instantaneous salt injection

(Moore, 2005) since high channel roughness precludes the use of flow

meters. This data enabled us to derive a robust stage-discharge rela-

tionship (rating curve and resulting hydrograph in Figure S3) for water

balance calculations (Sánchez-Murillo, Romero-Esquivel, et al., 2019).

The stable isotopes δ2H and δ18O of daily rainfall were sampled

using a passive collector (Palmex Ltd, Croatia; Gröning et al., 2012).

Stream water was sampled daily in 2016 using a Sigma 900 MAX auto-

sampler (HACH, USA) and weekly (manual sampling) from 2017 to 2019.

Groundwater samples were collected by manually purging a 1 m deep

dug-well, which was covered with a PVC stopper during rainfall events.

The well is located in the riparian zone (Figure 1), which remained satu-

rated year-round, and is considered representative for the lower part of

the catchment. All samples were stored until analysis at 5�C in 30 ml

bottles with no headspace and hermetically sealed to avoid exchange

with atmospheric moisture. Prior to analysis, all samples were filtered

with a 0.45 μm syringe polytetrafluorethylene (PTFE) membrane.

Soil samples (500 g) were collected weekly in 2018 at a distance

of 25–30 m from the stream channel at 15 cm depth below the humic

soil cover (Figure 1) and stored in sealed polyethylene bags at 5�C.

TABLE 3 Summary of measured hydrometric data and isotope ratios in rain-, soil-, stream- and groundwater (GW) with the number of
samples (n)

Hydrometric data (mm) Period Mean Range

Annual precipitation 2016–2019 5117 4314–6146

Annual evapotranspiration 2016–2019 612 555–653

Annual stream discharge 2016–2019 1596 918–1947

Isotope ratios (‰) Period Mean Range n

δ2H in rain 2016–2019 �30.36 �161.0 to +21.3 914

δ2H in soilwater 2018 �44.51 �112.3 to �27.7 15

δ2H in GW 2019 �33.67 �37.5 to �28.0 9

δ2H in stream 2016–2019 �30.34 �79.2 to �1.4 414

δ18O in rain 2016–2019 �5.42 �21.1 to +0.7 914

δ18O in soilwater 2018 �6.94 �14.8 to �5.0 15

δ18O in GW 2019 �5.67 �6.8 to �4.2 9

δ18O in stream 2016–2019 �5.55 �12.0 to �2.3 414

TABLE 2 The TAM model flux equations with starting parameter values and parameter intervals used for model calibration

Flow direction Equation Model parameter Starting value Parameter interval

Hillslope ! Riparian area Qup = a*Sup a (d�1) 0.21 0.1–0.9

Groundwater ! Qsim QGW = b*SGW b (d�1) 0.009 0.0001–0.1

Hillslope ! Groundwater QR = R*Sup R (d�1) 0.5 0.1–0.9

Riparia area ! Qsim Qrip = c*Srip
(1+α) c (d�1) 0.019 0.0001–0.5

α (�) 0.2 0.1–0.9

Isotope mixing volumes

MVup (mm) 1000 1–2000

MVrip (mm) 1 1–500

MVGW (mm) 1 100–5000
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Soil sampling locations were selected randomly based on access to

represent the lower, middle, and upper part of the catchment (-

Table S2). Sub-samples were transferred to 50 ml tubes (Eppendorf,

Germany) and centrifuged at 5�C and 11 000 rpm for 1.5 h using a

5804 R centrifuge (Eppendorf, Germany) to extract the mobile water

content. The supernatant water was extracted with a micropipette

(Eppendorf, Germany), filtered through a 0.45 μm PTFE filter and

transferred into a 2 ml injection vial.

Stable isotope analysis was conducted at the Stable Isotopes

Research Group facilities of the Universidad Nacional, Costa Rica using a

Cavity Ring-Down Spectroscopy water isotope analyser (L2120-i, Picarro

Inc.) and a water isotope analyser (LWIA-45P, Los Gatos Research Inc.).

The long-term analytical uncertainty was ±0.5‰ for δ2H and ±0.1‰ for

δ18O (Ramírez-Leiva et al., 2017). Spectral contamination identification

was applied to soil samples to avoid organic interference on isotope

ratios (Schultz et al., 2011; West et al., 2011). The few data gaps (<5%)

were interpolated to provide a continuous daily isotope dataset for the

complete period 2016–2019. Stable isotope ratios are presented in delta

notation δ18O [‰] and δ2H [‰] relating the ratios of 18O/16O and
2H/1H to Vienna Standard Mean OceanWater.

The isotopic composition of rainwater is influenced by the

amount and the altitude effect (Sánchez-Murillo, Esquivel-Hernández,

Birkel, et al., 2020). Our isotope sampling does not account for the

500 m catchment elevation range that could result in an average

depletion of around �1‰ δ18O (Sánchez-Murillo et al., 2013). How-

ever, the altitude effect is comparatively low to the observed inter-

annual isotopic variation in rainfall of 22‰ δ18O (Table 3). Moreover,

the isotopic composition of unsampled throughfall might differ from

the isotopic composition of gross precipitation used for model input

due to, for example, (i) evaporative fractionation from the canopy,

(ii) diffusive exchange with ambient vapour, and (iii) selective transmit-

tance of temporally varying rainfall (Allen et al., 2017). Analysing

21 studies in different environments, Allen et al. (2017) could show

that the isotopic signature of throughfall is usually slightly enriched

compared to gross precipitation. However, the reported differences

are almost always well below 1‰ δ18O and on average only +0.25‰

δ18O. Additionally, Soulsby et al. (2017) indicated that evaporative

fractionation of intercepted water is restricted to low rainfall volumes,

which are rather untypical in our catchment with 5000 mm annual

precipitation. Also, in humid forests with dense vegetation, a con-

stantly high relative humidity and reduced solar radiation due to cloud

cover (Dehaspe et al., 2018) maintains a wet canopy for longer time

periods limiting evaporative fractionation (Aparecido et al., 2016;

Correa et al., 2020). These specific conditions in our rainforest catch-

ment give reason to assume that sampling errors in the input isotope

ratio do not exceed analytical measurement errors.

3.2 | Gamma convolution integral transit time
model

The simple convolution integral transit time model (Equation 1) esti-

mates stream isotope ratios with corresponding TT:

δout tð Þ¼ g tð Þ�δin t� τð Þ¼
ð∞
0
g τð Þδin t� τð Þdτ ð1Þ

This model converts the input of daily isotopic composition of

precipitation into an approximation of the stream isotope ratios δout(t)

using a transfer function g(τ). The daily evapotranspiration was sub-

tracted from the daily precipitation amount for the input function δin

(t � τ) of the convolution integral, assuming that surface water is not

affected by fractionation. This assumption is supported by the stream

water isotope samples plotting consistently close to the Local Mete-

oric Water Line (LMWL; Figure 3) with d-excess (Mean ± SD) values

F IGURE 2 The TAM uses precipitation (P) and evapotranspiration
(ET) data and divides the catchment in a hillslope and riparian wetland

storage fraction to simulate streamflow (Qsim) and streamflow
deuterium dynamics. The three dynamic storages (Sup, Srip, SGW:
Upper, lower and groundwater) contribute water (Qup, QGW, QR, and
Qrip) to Qsim with additional mixing volumes (MVs) for tracer transport
using a mass balance approach

F IGURE 3 Local meteoric water line of the Quebrada Grande
study area and stable water isotope signatures of stream-, soil- and
groundwater with regression equations

MAYER-ANHALT ET AL. 5 of 18
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ranging from 3.8‰ to 27.1‰ (14.1 ± 3.5‰) and lc-excess of

�9.7‰–13.5‰ (0.8 ± 3.5‰) (Landwehr & Coplen, 2018). Previous

work by Sánchez-Murillo, Romero-Esquivel, et al. (2019) tested a sim-

ple exponential distribution as transfer function g(τ) for data from

2017. In this study, we settled on the more versatile two-parameter

gamma distribution, following Hrachowitz, Soulsby, Tetzlaff, Dawson,

Dunn, and Malcolm (2009):

g tð Þ¼ τα�1

βαΓ αð Þexp � τ

β

� �
ð2Þ

where α (�) is the shape parameter and β (days) the scale parameter.

The GM assumes steady-state, which is rarely the case for catchment-

scale hydrological processes (McGuire & McDonnell, 2006). However,

given the fact that it relies on only two calibrated parameters, it allows

for a simple model test and traceable uncertainty.

The GM model was calibrated for the entire study period

(2016–2019) and for every single year individually with a looped

3-years warm-up period. The Mean Transit Time (MTT) was calcu-

lated based on the best-fit α and β parameters for the different

periods. Due to the limitations of stable water isotopes to detect

transit times exceeding 5 years (Stewart et al., 2010), the scale

parameter was limited to 1825 days. We attempted to select the

best 100 parameter sets of the simulations based on the Nash-

Sutcliffe-Efficiency (NSE; Nash & Sutcliffe, 1970). The Differential

Evolution algorithm (DEoptim R package; Ardia et al., 2020) was

used for calibration with a maximum of 10 000 iterations, starting

values of α and β of 0.5 and 1000 days, respectively, and a stop cri-

terion of a NSE of 0.01. The simulation results were visualized with

the mean and 90% percentiles (uncertainty bands) of the best per-

forming parameter sets (Figure 4).

3.3 | Tracer-aided model calibration and evaluation

The conceptual tracer-aided hydrological model (TAM) simultaneously

simulates streamflow (Qsim) and the stream isotope ratio (δ2H). It was

set up according to previous empirical knowledge by Sánchez-Murillo,

Romero-Esquivel, et al. (2019) using geochemical data. Their concep-

tual model includes shallow runoff generation via a saturated riparian

area and a slightly deeper (<1 m) more constant interflow contribution

to streamflow (Figure 2). This translates into a linear upper reservoir

(Sup) draining into a lower reservoir (SGW) generating groundwater

flow (QGW) to the stream. The Sup provides runoff (Qup) to the riparian

reservoir (Srip; using the linear parameter a) that generates saturation

overland flow (Qrip) contributing to Qsim with the non-linear parame-

ter α.

The isotope mass balance (Figure 2) is coupled with a mixing-cell

approach to the dynamic water storage and transport of the rainfall-

runoff (Table 2). Three calibrated mixing volumes (MVup, MVGW, and

MVrip) for each of the three storage volumes (Sup, SGW, and Srip) con-

tain the isotope ratio for complete mixing and transport without

affecting the water storage and transport:

d cSð Þ
dt

¼
X
j

cI,j Ij�
X
k

co,kOk ð3Þ

where c is the isotope ratio (‰) in j storage inflows Ij components

(e.g., Pup and Prip, Qup, Recharge QR) and k outflow Ok components

(e.g. ETup and ETrip, QGW, and Qrip), which characterize the catchment

storage S dynamics (sum of dynamic and additional storage available

for mixing) and associated isotope ratios c. The model storage isotope

ratios were initiated with the mean of measured (soil, stream, ground-

water) isotope values of corresponding storages and storage volumes

of 1 mm. The year 2016 warm-up period was sufficient to fill storages

and omitted from calibration. The eight parameter intervals used for

calibration are based on model tests and previous applications

(Table 2).

We used the non-sorting dominated multi-objective genetic algo-

rithm (NSGA2) with 500 parameter populations over 100 generations

with a total of 50 000 iterations in each step for reproducibility (Deb

et al., 2002). The model performance was evaluated using the Kling-

Gupta Efficiency (KGE; Gupta et al., 2009; Kling et al., 2012;

Zambrano-Bigiarini, 2020) accounting for the correlation coefficient

(r), variability (γ) and bias (β) (Equation (4)):

F IGURE 4 Gamma model results: (a) input data of observed
deuterium (δ2H) in rainfall (black dots) and (b) in streamwater δ2H
(black dots), as well as streamwater simulations with 90% uncertainty
band (blue line with grey band). The shaded background represents
the classified El Niño/La Niña events (Table S1; Climate Prediction
Center Internet Team, 2020)
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KGE¼1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� rð Þ2þ 1� γð Þ2þ 1�βð Þ2

q
ð4Þ

The objective function (KGE) was minimized for streamflow and

stream deuterium by comparing measured values with those simulated

from the TAM. We retained the best 500 parameter combinations, that

is, those with the smallest Euclidian distance to an optimum in the two-

dimensional criteria space of KGE for discharge and KGE for stream deu-

terium simulations of the three-year and the single-year calibration

periods (2017, 2018 and 2019). The mean KGE of these 500 model runs

for each calibration period and associated standard deviation (SD) is pro-

vided in Table 5 and used for visualizing the 90% uncertainty bounds.

The resulting Pareto fronts and simulation envelopes serve as uncer-

tainty indicators for model simulations. The parameter distributions from

the calibration periods were compared to qualitatively assess parameter

sensitivity and variability. Additionally, the parameter sets derived from

the three-year calibration period (2017–2019) was used to simulate the

streamflow and isotope response for 2016 for model validation.

3.3.1 | Water flux age tracking

Water ages were estimated with a flux tracking approach that requires

each precipitation event to be tagged with a time stamp. Depending on

the mixing and flow processes, water can stay in storage before contribut-

ing to streamflow, thereby increasing its age. We calculated and analysed

the streamflow flux ages for the whole period (2016–2019) and single

years, using the best 500 parameter sets from the calibration with the

three-year period (2017–2019). The results were used to derive water flux

age distributions (cf. Birkel et al., 2015; Hrachowitz et al., 2013):

PF,Q tj� ti,tj
� �¼XN

n¼1

PF,Qn
tj� ti,tj
� � Qn tj

� �
Q tj
� � ð5Þ

with PF,Q representing the distribution of water age of all contributing

fluxes Qn to the total discharge Q, with tj being the time of exit at the

catchment outlet and ti the time of entry with P.

3.4 | Ensemble hydrograph separation

We compared the GM and TAM approaches to estimate water ages

and TTs with the EHS approach presented by Kirchner (2019).

Matching tracer input–output records, the EHS allows to derive TTDs

and young water fractions in streamflow, defined as the fraction of

runoff with transit times of less than a threshold age (usually

0.2 years). We used the R scripts from Kirchner, and Knapp

et al. (2020) on the daily isotope series of 2016 and the weekly series

of 2017. Due to the increasing loss of precision with coarse sampling

frequency, we did not simulate the data from 2018 and 2019. The

TTD and young water fraction were estimated assuming an intercep-

tion storage of 1 mm of rainfall and no outliers in our data.

4 | RESULTS

4.1 | Hydrometeorology and stable isotope
characteristics

Measured streamflow amounts ranged from 918 mm/a in the drier

year 2019 to 1947 mm/a in the wetter year 2017 (Table 3), while

TABLE 5 Comparison of model performance statistics (KGE,
SDKGE for stream deuterium ratio simulations) for the retained best-fit
parameters and resulting mean age estimates of the gamma model
(GM) with corresponding mean transit time (MTT) compared to the
tracer-aided model (TAM) with mean flux age. The three-years
calibration period from 2017 to 2019 was compared to the single
years used for calibration, as well as the evaluation year 2016

Model GM TAM

Period MTT (d) Flux age (d)

2016–2019 87 49

SDage 0.0 44

KGE 0.88 0.91

SDKGE 0.00 0.02

2016 96 39

SDage 0.0 28

KGE 0.89 0.53a

SDKGE 0.00 0.05a

2017 83 40

SDage 1 43

KGE 0.95 0.94

SDKGE 0.00 0.02

2018 95 46

SDage 0.2 43

KGE 0.93 0.93

SDKGE 0.00 0.03

2019 289 71

SDage 0.6 63

KGE 0.89 0.90

SDKGE 0.00 0.01

aValidation: Performance of 2017–2019 calibration simulating 2016 data.

TABLE 4 The water balance
(precipitation P, the vegetation adjusted
PET and observed streamflow Qobs), the
derived water loss to regional
groundwater, and the corrected
streamflow for model simulations (annual
corrected discharge Qcorr factor)

Year P (mm) PET (mm) Qobs (mm) Water loss Annual Qcorr factor Qcorr (mm)

2016 4542 555 1773 49% 2.25 3987

2017 5466 603 1947 53% 2.50 4863

2018 6146 636 1747 61% 3.15 5510

2019 4314 653 918 64% 3.99 3661

MAYER-ANHALT ET AL. 7 of 18
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mean annual ET ranged from 555 mm/a to 653 mm/a similar to ET

from other cloud forests in the country (Dehaspe et al., 2018). The

measured annual water balance indicates a regional loss of water to

deeper groundwater that does not contribute to local streamflow

since the measured inputs (P) were much higher than the measured

outputs (sum of Q and ET, Table 3).

The water balance mismatch was up to 64% of annual precipita-

tion, exceeding by far any measurement uncertainty (i.e., Figure S3).

Even an exaggerated underestimation of ET by 100% cannot explain a

loss of over 2000 mm/a of water. Interestingly, similar volumes of

water surplus were measured downstream of our study site at La

Selva Biological Station located within the Caribbean plains (Genereux

et al., 2013; Wiegand & Schwendenmann, 2013). The missing water

volumes were therefore corrected annually for modelling (correction

factor: P�ET
Q ), yielding a new corrected discharge Qcorr (Table 4). We

corrected the water balance for modelling rather than parameterizing

a water loss to constrain parameter uncertainty and to avoid unrealis-

tic parameter estimations.

The almost constant cloud cover over the hilltops limits the

energy input from irradiation, which together with the constantly high

relative humidity (close to saturation) constrains the evapotranspira-

tion loss to around 10% of the total rain input (Table 4, Figure S2C).

The calculated LMWL, based on daily rainwater samples, plots

slightly above the GMWL in the dual isotope plot (Figure 3) and is

best described by δ2H = 8.26 δ18O + 14.75 (r2 = 0.98, n = 906). The

regression lines for both surface and soil water isotopes were almost

identical to the LMWL (Figure 3), denoting a strong and recent mete-

oric origin with little to no evidence for evaporative fractionation.

Identical mean isotope values for rainfall and streamflow indicate an

isotopic mass equilibrium (Table 3). The isotope variability decreased

from rainfall to soil water and groundwater with streamflow isotope

ranges being enclosed by soil and groundwater isotopes. However,

the variability of streamflow isotopes showed little damping compared

to rainfall input indicating a quickly responding system with limited

mixing.

The rainfall input and the slightly damped but quickly changing

streamflow isotope ratios for deuterium showed a bimodal pattern

(W-mode type) every year, which reflects the rainfall seasonality

(Figure 4). The drier months (January–February), dominated by north-

easterly trade winds, and the mid-summer drought are characterized

by isotopically enriched rainfall across the region. Two pulses during

the wet seasons (May and October/November) bring depleted precip-

itation into the system (Sánchez-Murillo & Birkel, 2016; Sánchez-

Murillo, Romero-Esquivel, et al., 2019).

The hydrological year 2016 was one of the strongest El Niño

years on record and started with a strong dry season as a carry-over

effect of the drought from the end of 2015 (Climate Prediction Center

Internet Team, 2020); the category 3 hurricane “Otto” caused a large

isotopic depletion in November 2016 (Sánchez-Murillo, Durán-

Quesada, et al., 2019). Similarly, the tropical storm Nate in October

2017 brought the most depleted rainfall of the whole 4 years period.

In addition, 2018 was a typical La Niña year, resulting in an above

average humid year but with no specific storms. The largest peak flow

event during the entire sampling period occurred in January 2018 and

was associated with prolonged intense rainfall from a cold front of

1111 mm during that month. In contrast, 2019 was again a drier but

weak El Niño year.

4.2 | Model simulations, parameter uncertainty
and independent evaluation

The GM reasonably simulated the streamflow isotope ratios with

mean values (±SD) for α = 0.51 (±0.00), β = 170 (±0.1 days; and a

KGE of about 0.88) matching the peak events as well as recession

periods (Figure 4). The KGE values of the GM indicated an overall

good model performance. The model fit was slightly better for the

wetter and more variable years 2017 and 2018 (KGE > 0.93).

The Pareto fronts (Figure 5) evaluating streamflow and isotope

performance of the 500 best fitting TAM simulations show the two-

dimensional space of the objective functions (KGE Q and KGE δ2H)

for calibration of the three-year period (2017–2019), and the individ-

ual years (2017, 2018, 2019). The single year calibrations showed little

difference in model performance compared to the three-years simula-

tion, with overall high KGEs >0.90 for isotope simulations and >0.75

for discharge. The Pareto front for 2018 showed the most distinctive

inflection point, indicating a model performance close to optimal

values with virtually no trade-off between discharge or isotope per-

formance. The driest year 2019 was characterized by the smallest iso-

tope input variability and also the most modest model performance

compared to the other years. The three-years calibration yielded a

reasonable performance balancing the individually calibrated years

and was used for the simulation of the entire data series and valida-

tion in 2016 (Figure 5).

F IGURE 5 Pareto fronts of the retained 500 best-fitting
parameter sets in the two-dimensional criteria space of discharge
(KGE Q) and stream isotope KGE (KGE δ2H) for the complete
calibration period and individual calibration years
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The posterior distribution of the eight 500 best-fit parameters for

each of the calibrations is shown in Figure 6. The posterior distribution

indicates how constrained a parameter range is after calibration and is a

proxy for parameter identifiability. The most constrained parameters

were a, b, c and α for the five-parameter rainfall-runoff model and the

upper passive mixing volume MVup (Figure 6a,b,d,e,f) for tracer transport

(compare Table 2). The riparian area mixing volume MVrip (Figure 6g) was

identifiable but differed for the individual calibrations. The groundwater-

related parameters R and MVGW (Figure 6c,h), which are responsible for

contributing older water, were less constrained.

The temporal pattern of discharge simulations at the catchment

outlet (Figure 7c,f) followed these of rainfall (Figure 7a), indicating a

quick system response to inputs. The TAM simulations matched the

seasonal variability as well as the peaks and minima of the measured

discharge (Figure 7c) and the isotope ratio for deuterium (Figure 7f)

well for 2017 to 2019 (KGE = 0.91). The uncertainty bounds were rel-

atively narrow due to the multi-objective optimization algorithm con-

sistently converging towards a global minimum. Validating the

calibration, the simulation of the 2016 data resulted in poorer but still

reasonable model performance for stream deuterium (KGE = 0.53)

capturing the observed seasonality (Figure 7f).

For soil water (Figure 7d), there was relatively fewer observations

available, and we used it as an independent evaluation of internal

model fluxes, which the model matched well with KGE > 0.59. The

groundwater isotope measurements (Figure 7e) were too few to

quantitively evaluate the model performance, but it is worth mention-

ing, that the model captured two of the three data points within the

90% interval. The independent evaluation of internal model states

gives reason to assume that the model structure appropriately reflects

the most dominant hydrological processes of the studied catchment.

The relative groundwater contribution to streamflow (baseflow

index, BFI; Figure 7b), was 37% (±22%) of total discharge for the four-

year period (2016: 42% (±25%); 2017: 36% (±22%); 2018: 35%

(±19%); 2019: 35 (±22%). The relation of baseflow to surface runoff

within the TAM highlights a near-surface dominated system of upper

soil water flow paths that quickly converts rainfall with little mixing

into streamflow (Figure 8).

We further examined the most prominent extreme events of the

measurement period (Figure 8b–d). Hurricane Otto (November 2016,

Figure 8b) with a daily rainfall up to 123 mm and tropical storm Nate

with rainfall of more than 300 mm in 48 h (Figure 8c) caused large

peak flows and significant surface flows (event average of 80%). The

F IGURE 6 Posterior parameter distributions of the retained 500 best parameter sets of the different TAM calibrations visualized as violin
plots. The shape of the violin plots depicts the frequency of the 500 parameter values, whereas the red dots are the medians for each parameter
and calibration. The ordinate limits were set to the parameter interval for calibration (as presented in Table 2)
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water flux ages were in the order of a few days. The re-wetting event

after a relatively dry period of about 1 week in 2019 with 100%

groundwater contribution to streamflow (Figure 8d) was also simu-

lated quite well by the model with an immediate response of near-

surface runoff (KGE = 0.64 for 2019).

4.3 | Transit time, young water fraction and water
flux age estimations

Figure 9 shows the simulated daily stream water flux ages together

with discharge. The non-stationary nature of the daily average water

flux ages was clearly reflected by the fluctuations between water that

was a few days old during peak flow events and water ages up to a

maximum of 1 year during drier periods in mid-2016 and the begin-

ning of 2019. The mean annual water ages of the TAM ranged from

39 days in 2016 up to 71 days in 2019 (Table 5).

Table 5 shows a direct comparison of the annual MTT estimates

of the GM with the mean flux ages of the TAM and associated

standard deviations (SDage), as well as model performance statistics

(KGE, SDKGE for streamflow deuterium simulations). The MTTs of the

GM were slightly longer compared to the TAM but always shorter

than 1 year (annual MTT = 9.5 months in 2019; Table 5). The concor-

dance between the two models was greater for the wetter years with

a lower estimated age and diverged for the drier 2019 with an MTT of

289 days of the GM compared to a flux age of 71 days of the TAM.

The TAM calculated slightly younger ages for 2016 compared to the

four-year average due to Hurricane Otto causing surface flow with

short transit times. The shortest MTTs were simulated for 2017, a

wet La Niña year influenced by the tropical storm Nate.

Figure 10 compares the different approaches to estimating water

ages. They all agreed on the young water dominance of the study

catchment with a young water fraction threshold of around 12 days.

Moreover, the best-fit GM TTD approximated the EHS-derived TTD

and Cumulative Distribution Function (CDF; Figure 10a,b). The TAM

water age distribution cannot directly be compared to the GM and

EHS TTDs but also indicated that most estimated water ages were

below 2 months old.

F IGURE 7 Tracer-aided model simulation: (a) model input data: Rainfall rates (black bars) with deuterium ratios in precipitation (red dots),
(b) estimated base flow index, (c) the observed and simulated streamflow with 90% uncertainty bands, (d) simulated deuterium ratios from the
riparian storage, (e) simulated groundwater storage and measured soil water/groundwater isotope ratio as an independent model evaluation and
(f) simulated and observed streamflow isotope ratios. Model simulations are shown with a blue line, the grey shading represents the 90%
uncertainty
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5 | DISCUSSION

5.1 | Runoff generation and mixing in a very humid
rainforest catchment

The average annual precipitation of approximately 5000 mm in our

study area (Table 4) exceeds the country-wide average of about

3000 mm (Sánchez-Murillo et al., 2017). The measured average δ18O

values of rainfall correspond to those of the Caribbean domain of

�5.0 ± 2.4‰, where they are generally slightly more enriched than

on the Pacific slope (Sánchez-Murillo, Esquivel-Hernández, Birkel,

et al., 2020).

The weak damping effect of the isotope ratios in streamflow

compared to rainfall (Table 3; Figure S4) indicated a rapid runoff gen-

eration with limited isotope mixing in soils and groundwater, similar

and even more pronounced than for other catchments in Costa Rica

(Birkel et al., 2021). Similarly to other case studies in headwater catch-

ments of tropical areas (Goller et al., 2005), rainfall intensity and distri-

bution is a major driver of the rapid streamflow response (Bonell

et al., 1998, p. 367).

Surely, a daily model time step misses part of rainfall intensity var-

iations and the rapid hourly streamflow response, but a simultaneous

sub-daily rainfall-runoff and isotopic monitoring in the tropics and

F IGURE 8 (a) Hydrograph separation into near surface runoff and baseflow by the TAM. (b–d) Three events are highlighted to show the
streamflow response and BFI to different extreme rainfall or drought periods. Note that discharge is plotted on a log scale

F IGURE 9 (a) Simulated daily streamwater flux age (log-scale)
time series with annual mean values and (b) observed streamflow
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elsewhere is still a major challenge (von Freyberg et al., 2017). None-

theless, the TAM identified quickly draining water from the upper soil

water storage at the hillslopes directly into the saturated riparian zone

(Sánchez-Murillo, Romero-Esquivel, et al., 2019). From there, mostly

unmixed water (Figure 6f,g with low mixing volume parameters MV)

rapidly contributes to streamflow, as reflected by high values

(Figure 6a,e) of the linear rate coefficients a (Flow from hillslope to

riparian area; Table 2) and the non-linear parameter α (flow from ripar-

ian area to stream; Table 2). The most likely runoff generation mecha-

nism is saturation excess overland flow and near-surface stormflow.

In fact, field observations during sampling campaigns confirmed the

prevalence of swamp areas near the riparian zones. Hortonian over-

land flow can be excluded due to the measured high infiltration capac-

ities of the humic top soil layer that exceed the highest observed

rainfall intensities in contrast to other small-scale catchments in Latin

America (Chaves et al., 2008; Zimmermann et al., 2012).

The comparison of different calibration periods and storage

parameters showed that only the upper hillslope has a larger mixing

volume (Figure 6f), but that water passes too fast likely via preferen-

tial flow pathways to noticeably dampen the isotope output variabil-

ity. The variability in some storage parameters could be related to the

rainfall volumes from the individual years (Figure 6f) with lower rain-

falls and subsequently less storage resulting in more insensitive

parameters particularly related to the more difficult to constrain older

groundwater. Such behaviour of quick near-surface runoff generation

was previously observed in other tropical catchments (Birkel

et al., 2021) and in catchments with a different climate, such as in the

Scottish Highlands (Soulsby et al., 2015). Yet, in the study of Soulsby

et al. (2015) the observed and simulated catchment response was less

quick with more mixed and older waters. Bonell et al. (1998) distin-

guished two types of rainfall-runoff and mixing behaviour: Low rainfall

intensities lead to groundwater replacement in the sub-surface path-

ways and a “first-in-first-out” response. Instead, high precipitation

rates short-circuit these pathways exceeding their capacity leading to

a rapid response of event water in the stream: the “last-in-first-out”
type of behaviour. Such quick responding systems vertically percolate

water into deeper storage via preferential flow pathways.

In our case, however, the hydrograph separation (Figure 8) indi-

cated a constant but small contribution of water from a deeper sub-

strate to the perennial stream (average BFI of 37% ± 22%; Figure 7b).

The water balance showed a loss of water from our system (Table 4)

indicating that a fraction of vertical water fluxes percolates into the

highly fractured volcanic bedrock, and thus cannot be measured as

streamflow at the catchment outlet. Evidence for re-emerging regional

groundwater were found in the floodplains downstream of the study

site using age dating tracers (Genereux et al., 2013) and modelling

(Osburn et al., 2018; Zanon et al., 2014). Irrigation experiments as by

Graham et al. (2010) could empirically quantify this seepage.

The low BFIs support the notion of a saturation excess surface

runoff and shallow interflow dominated system (Sánchez-Murillo,

Romero-Esquivel, et al., 2019). Interestingly, the BFIs in our study area

were also much lower than observed for other catchments in

Costa Rica (Birkel et al., 2012; Westerberg & Birkel, 2015) and other

tropical catchments (Beck et al., 2013; Peña-Arancibia et al., 2010)

which are commonly characterized by high groundwater contributions

to total streamflow. Even in other fast responding catchments in

Costa Rica, the flashy response in streamflow after storm events is

characterized by mixing and dampening effects from available deeper

soil and groundwater (Dehaspe et al., 2018).

Therefore, our study site is a pristine catchment (Klaus &

McDonnell, 2013) in the central American tropics that deviates from

the old water paradox (Barthold & Woods, 2015; Sidle et al., 2000),

that is, the rapid mobilization of previously stored “old” water via sub-

surface flow paths during storm events (Muñoz-Villers &

McDonnell, 2012), resulting in strongly damped tracer output compo-

sition (Kirchner, 2003). Due to the young water dominance, short TTs

and low groundwater contribution to streamflow, we, therefore,

rejected our previously formulated working hypothesis.

5.2 | The role of water ages as an indicator of
catchment functioning

The GM (KGE > 0.88) and TAM (KGE > 0.91) models performed much

better than other applications with similarly measured daily isotope

datasets and conceptual models in Costa Rica (Birkel &

Soulsby, 2016). The independent model evaluation against soil and

F IGURE 10 (a) The best-fit GM (gamma model) and ensemble
hydrograph separation (EHS) derived transit time distributions (TTDs)
are shown in comparison to the distribution of water ages from the
tracer-aided model (TAM) with a black mark indicating the EHS-
derived young water fraction threshold and (b) the cumulative
distribution functions (CDFs) derived from the TTDs and TAM water
age distribution
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groundwater isotope measurements (Figure 7d,e) further increased

confidence in the findings (Birkel et al., 2014; Kuppel et al., 2018).

Furthermore, the model split sample test showed relative robustness

for different calibration periods and an overall good performance of

streamflow and stream isotope simulations (Figure 5). Surely, uncer-

tainties in model results due to uncertain input data and model

assumptions cannot be neglected (see section 5.1), but seem to be

less prominent for the small Quebrada Grande catchment compared

to other modelling studies in the tropics (Collischonn et al., 2008;

Rafiei Emam et al., 2018; Westerberg et al., 2014; Westerberg &

Birkel, 2015). The water flux age tracking, based on streamflow and

isotope simulations, benefitted from the overall low TAM uncer-

tainties. Despite some general doubts concerning the underestimation

of MTTs and aggregation errors with TAM (DeWalle et al., 1997;

Kirchner, 2016a), for our catchment, characterized by relatively short

TTs and young water fluxes, the approach has the potential to provide

a first reasonable approximation of hydraulically active and total

catchment-scale storage.

The MTT and flux age estimates are mathematically not equiva-

lent (Hrachowitz et al., 2013). The MTT is based on damped tracer

compositions and flux ages are based on the tagged model input–

output time lag. Yet, both estimates reflect climate patterns of drier

and wetter years influenced by extreme events (Hrachowitz

et al., 2011) and the shorter TTs and flux ages reflect the dominance

of saturation excess surface flow and near-surface runoff contributing

younger and unmixed waters to streamflow. The longest annual MTT

of 9.5 months (2019) of the GM resulted from slightly lower input–

output isotope variability. Similarly, for the TAM, during drier periods

when discharge was low, it was fed by older waters resulting in

slightly older streamflow (Figure 8d). The TAM flux age calculation

overcomes the weaknesses of the steady-state assumption and a

priori definition of a TTD of the simpler GM (Hrachowitz et al., 2013)

but carries the risk of non-unique solutions because of more cali-

brated parameters (8 TAM versus 2 GM). In contrast, the GM esti-

mated short MTTs resulted from an almost globally comparable alpha

parameter of 0.5 (Godsey et al., 2010). Consequently, the eight cali-

brated TAM parameters cause a wider posterior parameter range in

comparison to the GM, hence the TAM SDage of flux ages resulting

from the retained parameters after calibration is larger. Nonetheless,

the comparable MTT and water flux age results of the two indepen-

dent models increase the confidence in viable and trustworthy model

results.

Jasechko et al. (2016) have concluded in a global study that most

rivers exhibit a fairly high proportion of young water, that is, less than

3 months old. The annual water flux ages, derived by the TAM, can

therefore be classified as young streamflow. This was corroborated

with the EHS-derived TTD and young water fraction threshold of

12.1 ± 1.9 days following the approach of Kirchner (2019). The EHS-

derived TTD even approximated the best-fit GM TTD (Figure 10).

Such young water estimates support previous results for a single year

(2017) with an MTT of around 96 days that used a simple exponential

model (Sánchez-Murillo, Romero-Esquivel, et al., 2019). Our results

are also in line with other studies (Ala-aho et al., 2017; Hrachowitz

et al., 2013; Piovano et al., 2019; Remondi et al., 2018) supporting the

detected non-stationary nature of water ages depending on anteced-

ent wetness and amount of water in storage (Harman, 2015).

Young streamflow usually results from short resident times in the

subsurface and is composed of a minimal groundwater portion

(Jasechko et al., 2016). Therefore, this catchment is an extremely fast

responding system and only comparable to steep, wet catchments

with thin soils on an impermeable bedrock such as in western Scot-

land (Hrachowitz, Soulsby, Tetzlaff, Dawson, & Malcolm, 2009). Fur-

thermore, there is no measured geochemical evidence (e.g., silica,

cations) in streamflow for the fraction of deeper groundwater of an

unknown age. Stream mean annual EC is 7.79 ± 7.04 μS/cm, which

indicates short water-rock-soil contact time. Our water ages and MTT

estimates are also quite short for Costa Rican conditions as previous

works in other steep rainforest catchments showed fast responding

systems, but with more sub-surface mixing involved and therefore

slightly longer MTTs and older water age estimates of around one-

year (Birkel & Soulsby, 2016; Correa et al., 2020).

6 | CONCLUSIONS

This study shows how long-term hydrometric and isotopic data sets

can be used with different model approaches and methods to simulate

streamflow and isotope ratios to obtain water age estimates. The sim-

ple GM, together with the hydrometeorological understanding of the

rainfall-runoff transformation, already resulted in broad insights into

the hydrological processes of our remote tropical catchment. The rela-

tively parsimonious tracer-aided rainfall-runoff model (TAM) further

enhanced these findings by the simultaneous simulation of

streamflow and stream isotope ratios, because it distinguishes the

total runoff into base flow and surface runoff and provides water flux

age estimates. The TAM was satisfactorily evaluated for a respective

single year using observed groundwater and soil water isotope data,

increasing the confidence in simulations.

The TAM demonstrated the non-stationarity of catchment water

ages with water of a few days old in streamflow during storm events

and slightly older waters up to 1 year old during rare week-long rain-

free periods. The stationary GM resulted in variable transit times

depending on the climatic conditions if tested on individual years.

Both models seemed to agree on waters younger than 3 months for

over 75% of the measurement period from 2016 to 2019. The latter

was further corroborated by EHS-derived young water fractions and a

TTD that approximates those of the best-fit GM derived TTDs.

Despite perennial flows in the Quebrada Grande, the BFI (<37%) was

much lower than in other tropical catchments resulting in a line of evi-

dence that suggested young water streamflow generation in this pris-

tine, forested system. The combination of these hydrological

processes resulted in an extremely fast responding system that is

likely more vulnerable to climatic variability and forecasted increase of

weather extremes than other systems with a higher water storage

capacity. Young water ages revealed by the three different methods

provided insights into solute transport.
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The comparison of different calibration periods and storage

parameters showed that only the upper hillslope provides notable

water storage for mixing, but that water passes too fast to signifi-

cantly affect solute transport, as indicated by the measured isotope

variability. It could also be concluded that groundwater recharge

potentially occurs throughout longer rainy periods rather than

extreme events, and that a significant volume of rainfall input contrib-

utes to a regional groundwater flow invisible at the catchment outlet.

Despite some limitations of tracer simulations and inevitable

model uncertainties, the combined analysis of hydrometric and isoto-

pic data integrated into hydrological models helps to understand the

dominant hydrological processes in the quest for a more complete pic-

ture of water quantity and quality dynamics in the tropics.
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