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Abstract

Quantitative estimations of ecohydrological water partitioning into evaporation and

transpiration remains mostly based on plot-scale investigations that use well-instru-

mented, small-scale experimental catchments in temperate regions. Here, we

attempted to upscale and adapt the conceptual tracer-aided ecohydrology model

STARRtropics to simulate water partitioning, tracer, and storage dynamics over daily

time steps and a 1-km grid larger-scale (2565 km2) in a sparsely instrumented tropical

catchment in Costa Rica. The model was driven by bias-corrected regional climate

model outputs and was simultaneously calibrated against daily discharge observations

from 2 to 30 years at four discharge gauging stations and a 1-year, monthly stream-

water isotope record of 46 streams. The overall model performance for the best dis-

charge simulations ranged in KGE values from 0.4 to 0.6 and correlation coefficients

for streamflow isotopes from 0.3 to 0.45. More importantly, independent model-

derived transpiration estimates, point-scale residence time estimates, and measured

groundwater isotopes showed reasonable model performance and simulated spatial
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and temporal patterns pointing towards an overall model realism at the catchment

scale over reduced performance in the headwaters. The simulated catchment system

was dominated by low-seasonality and high precipitation inputs and a marked topo-

graphical gradient. Climatic drivers overrode smaller, landcover-dependent transpira-

tion fluxes giving a seemingly homogeneous rainfall-runoff dominance likely related

to model input bias of rainfall isotopes, oversimplistic Potential Evapotranspiration

(PET) estimates and averaged Leaf Area Index (LAI). Topographic influences resulted

in more dynamic water and tracer fluxes in the headwaters that averaged further

downstream at aggregated catchment scales. Modelled headwaters showed greater

storage capacity by nearly an order of magnitude compared to the lowlands, which

also favoured slightly longer residence times (>250 days) compared to superficially

well-connected groundwater contributing to shorter streamflow residence times

(<150 days) in the lowlands. Our findings confirm that tracer-aided ecohydrological

modelling, even in the data-scarce Tropics, can help gain a first, but crucial approxi-

mation of spatio-temporal dynamics of how water is partitioned, stored and trans-

ported beyond the experimental catchment scale of only a few km2.
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1 | INTRODUCTION

Despite their importance, climate variability and change impacts on

ecohydrological partitioning and water availability are still poorly

understood in many global regions, particularly in tropical Costa Rica

and Central America. This significant knowledge gap needs urgent

attention, as extensive areas in Central America are, in addition to cli-

mate change (González et al., 2017), undergoing rapid land use conver-

sion from pastures to crops (e.g., pineapple monocultures) and large-

scale reforestation initiatives (Min-Venditti et al., 2017). As vegetation-

mediated transpiration is the largest water flux to the atmosphere

(e.g., Jasechko et al., 2013; Wei et al., 2016), large-scale land use trans-

formations are likely to affect local to regional climate characteristics,

water availability, sediment and nutrient dynamics, runoff generation

and biodiversity assemblages (Lawrence & Vandecar, 2014).

Central America is a highly sensitive and vulnerable region in the

world climate system (Giorgi, 2006), as the pulse of El Niño Southern

Oscillation (ENSO) cycles is evident in sea surface temperature (SST)

anomalies in the eastern Pacific as well as possible synchronized and

counteractive temperature fluctuations in the Caribbean Sea. Both

water bodies significantly influence climatic variability in Central

America, affecting temperatures and rainfall as well as occurrence and

intensity of extreme events such as droughts and heavy rainfall

(Durán-Quesada et al., 2017). For example, Muñoz-Jiménez et al.

(2019) showed that marked SST variations could simultaneously cause

drought and flood events for Central America Pacific and Caribbean

slopes, respectively, as evidence has shown during strong El Niño

events (Hastenrath & Polzin, 2013; Pascale et al., 2021). Moreover,

cyclone activity can be pronounced and contribute large volumes of

rainfall to the region causing large-scale flooding and landslides

(Sánchez-Murillo et al., 2019). Tropical cyclones, and other tropical

disturbances such as easterly waves and cyclones, not only produce

extreme ranges of rainfall volumes but also immense stable isotope

variability in the precipitation input signal (Welsh & Sánchez-

Murillo, 2020). As a result, Costa Rica is characterized by high spatial

heterogeneity and temporal variability in hydroclimate and is vulnera-

ble to extreme climate change impacts (Durán-Quesada et al., 2020).

Furthermore, Costa Rica is also characterized by relative data scarcity

like most tropical countries (Wohl et al., 2012), which was locally

exacerbated due to recent impacts by, for example, the COVID-19

pandemic.

Implications for water availability are intimately connected to

ecohydrological partitioning under contrasting land use types and

how much water is intercepted, evaporated, transpired, or recharged

into aquifers for streamflow generation across contrasting spatial and

temporal scales. It is still challenging to measure most ecohydrological

partitioning directly, and field measurements are almost exclusively

restricted to plot-scale studies (Beyer et al., 2020; Landgraf

et al., 2022). Direct measurements include Eddy Covariance and sap

flux-derived transpiration rates, such as in Aparecido et al. (2016) for

a pre-montane rainforest in Costa Rica or stable isotope-based tracer

methods (Xiao et al., 2018). In-situ stable isotope measurements to

understand water partitioning are still rare particularly for the tropics

(pioneering work by Moreira et al., 1997), and Kühnhammer et al.

(2022) presented one recent example for the tropics. Additionally, it is

notoriously difficult to extrapolate results to catchment scales (Moore

et al., 2018) which are more relevant to water and risk management

decision making.

Recent experimental and modelling work has shown that environ-

mental tracers, particularly stable water isotopes, can be used as an
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additional source of information (within models or alone) that can

integrate insights into water sources, flow paths, mixing processes,

and associated travel times across scales (see Birkel & Soulsby, 2015

for a review). Tracer insights can be invaluable for more quantitative

estimates of hydrological processes and ecohydrological partitioning

even at catchment scales (Knighton et al., 2017; Rodriguez &

Klaus, 2019). For example, Iraheta et al. (2021) covered the territory

of Costa Rica using a simple isotope mass balance to estimate ecohy-

drological water partitioning.

Therefore, models as simulation tools are still the most widely

applied technique for upscaling and estimating ecohydrological water

partitioning over larger areas. Recent research has shown that the

direct tracking of stable isotopes in such models provides important

additional information to increase confidence in model evaluation and

hypothesis testing (see Correa et al. (2020) and Remondi et al. (2018)

for a conceptual approach, Kuppel et al. (2018) and Smith et al. (2021)

for a physically based approach to tracer-aided ecohydrological

modelling). Such tracer-aided models (TAMs) have been shown to help

reduce parameter uncertainty and provide water flux and storage esti-

mates that align with independent measurements such as soil mois-

ture and groundwater levels (Birkel et al., 2014). Building on previous

small-scale (3.2 km2) experimental studies with the TAM “STARRtro-
pics” (Correa et al., 2020), here we attempted to upscale (2565 km2)

the ecohydrology model for water partitioning, tracer and storage

dynamics, leveraging a unique monthly stable isotope data set of

46 sampled rivers (Birkel et al., 2020) in the San Carlos study catch-

ment in Costa Rica. We hypothesized that land cover dominates over

topography in shaping transpiration patterns and ecohydrological par-

titioning and asked the following research questions:

1. Are the catchment-scale hydrological processes represented in the

STARRtropics model capable of capturing the diversity of stream-

flow responses in a 2565 km2 tropical catchment?

2. What is the information content found in distributed stream and

groundwater isotope measurements for regional rainfall-runoff,

storage and ecohydrological water partitioning simulations in an

heterogenous tropical landscape?

3. How limiting is the isotopic rainfall reanalysis model input for cap-

turing ecohydrological dynamics in a distributed, tracer-aided

model?

2 | STUDY CATCHMENT

The San Carlos River catchment (2565 km2) in northeastern

Costa Rica drains into the San Juan River at the Nicaraguan border

(Figure 1) and represents a large-scale catchment in the context of

Central America (Gleeson & Paszkowski, 2014). The complex, nested

catchment system has an area of around 2413 km2 at the down-

stream gauging station Boca Tapada at 10 km to the confluence (sta-

tion 41 in Figure 1d). The system drains from the Central Volcanic

Cordillera at the continental divide at a maximum elevation of

2326 m.a.s.l. (active Platanar volcano to the southeast) down into the

Caribbean plains at around 30 m.a.s.l. (Figure 1a,d). Two active volca-

noes (Arenal and Platanar) in the catchment are the source of young

basaltic and andesitic rocks dating from the Holocene. Downstream

of the active volcanoes, the age of the rocks increases up to 5–9 Mio

years (Miocene). More recent Late Quaternary fluvial and marine

deposits dominate the lowlands but eroded volcanic remnants along

major fault lines can still be detected in the field. The geology results

in mostly volcanic soils differentiated according to their development

stage, with less developed Entisols to deeper Andisols in the headwa-

ters and older Ultisols in the mid and lowlands. The steep uplands

with high hydraulic gradients, high material transport capacity, and

dynamic streamflow regimes correspond to almost completely pro-

tected rainforests and cloud forests under the National Park system

(plus some private reserves) that transition at lower elevations below

1500 m.a.s.l. into a pasture and grazing system (Figure 1b). The low-

lands below 200 m.a.s.l. are dominated by extensive, and in parts

industrial, agriculture (e.g., pineapple and sugarcane). Lowland rainfor-

ests remain only close to the catchment outlet.

The climate is influenced by the Caribbean Low-Level Jet (CLLJ;

Amador, 2008) and the Inter Tropical Convergence Zone (ITCZ), with

moisture supply from the Caribbean contributing to precipitation and

high relative humidity throughout the year (Durán-Quesada

et al., 2017). Mean annual catchment precipitation (MAP) of around

4000 mm, and the spatial variability from 3000 to 5500 mm, are

caused by the varied topography (Figure 1e). Close to the continental

divide, the Pacific climate domain, with a marked dry season from

December to April and rainfall events mainly between May and

November (Solano-Rivera et al., 2019), are characterized as an intra-

annual rainfall regime (Taylor et al., 2002). Air temperature closely fol-

lows the environmental lapse rate (�6�C/1000 m) with on average

26�C in the lowlands and below 20�C at elevations above 1000 m.a.

s.l.

3 | DATA AND METHODS

3.1 | Data sources and corrections

3.1.1 | Meteorological data, catchment properties,
and model input

Model input used a catchment land cover classification (Figure 1b),

the Topographical Wetness Index (TWI, Figure 1c), and the Leaf Area

Index (LAI, Figure 1d). The TWI was derived from a national 10-m digi-

tal elevation model (Table 1). Land cover was classified using a recent

cloud-free Sentinel 2 satellite imagery mosaic and verified in the field

(Figure 1b). The temporally averaged, but spatially-distributed LAI

map was calculated from the mean monthly aggregation of MODIS

satellite product MOD15A2 from 2000 to 2018 (Myneni et al., 2015;

Tian et al., 2002). Mean monthly catchment MODIS LAI values oscil-

late between 1.5 (lowest LAI in July) and 3.5 (maximum LAI in

February) in comparison to an overall catchment mean of 2.4 derived

from Figure 1d used for modelling. We used simulated temperature,

ARCINIEGA-ESPARZA ET AL. 3 of 20
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F IGURE 1 Legend on next page.
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relative humidity, and isotopic composition of precipitation from out-

puts of the isotope-enabled regional climate model IsoRSM

(Yoshimura et al., 2010) to drive our ecohydrology model STARRtro-

pics from 1983 to 2018 (Figure 2). The IsoRSM simulations were per-

formed over Central America (pers. Comm. Ana María Duran-

Quesada) with a horizontal resolution of 10 km and 15 vertical layers

at hourly temporal resolution. Lateral conditions for the regional simu-

lations were obtained from global simulations with IsoGSM

(Yoshimura et al., 2008), which resulted in good correlations of simu-

lated and observed rainfall rate (Tropical Rainfall Measurement Mis-

sion, TRMM) of 0.88 and total precipitable water (r = 0.72) for

Central America, albeit a larger bias was identified over mountain

areas and the Caribbean coast. The validation of the isotopic composi-

tion of rainfall was based on limited available records mostly from the

Pacific slope of Costa Rica, but IsoRSM showed good skill (r > 0.5)

using a point to pixel comparison.

Daily precipitation from the bias-corrected global product

CHIRPSv2 (Funk et al., 2015) generated by Arciniega-Esparza et al.

(2022) for Costa Rica was used as forcing, which was checked against

the Soltis Center station data (Figure 1a) with a good agreement

(R2 > 0.8). This already corrected precipitation product matches the

overall water balance of the San Carlos and closely agrees with the

rainfall regimes of the modelled IsoRSM precipitation output but was

preferred due to the higher spatial resolution of CHIRPS (�5 � 5 km

vs. �10 � 10 km) to capture the topographical precipitation gradient

and the observed daily rainfall-runoff response. Matching rainfall

regimes of both the corrected CHIRPS and IsoRSM product allowed

transfer of precipitation isotope composition for ecohydrology model-

ling. Transpiration at the Soltis Center for Research and Education of

Texas A&M University (Figure 1a) was estimated based on sap flow

measurements (Aparecido et al., 2016) and used for independent

model evaluation.

3.1.2 | Hydrological data

Discharge records are sparse in the catchment, and we used publicly

available data for four discharge gauging stations (from the

Costa Rican Electricity Institute ICE hydrology bulletins; ICE, n.d.) for

model calibration; covering spatial scales from around 100 km2 to the

lowest monitored site at 2413 km2 (Boca Tapada station). For the

smallest gauged 3.2 km2 catchment (RBAMB) we used more recent

discharge data from 2015 to 2018 only for independent model evalu-

ation (Figure 1a). Table 1 shows the discharge stations with associated

catchment properties and discharge statistics. Only the Terron

Colorado station has a long-term record with data from 1973 to

2003. The discharge records from the Boca Tapada, Jabillos, and

Pocosol stations are available only from 1988 to 1990.

3.1.3 | Tracer (stable isotope) data

We sampled 46 accessible rivers across the entire catchment monthly for

isotope analysis from June 2018 until May 2019 covering upland streams

to the downstream San Carlos River (Figure 1b and Table 1). The catch-

ments were selected to cover all gauged sites and to represent most of the

nested sub-catchments (the complete data set from Birkel et al. (2020) can

be freely accessed at http://www.hydroshare.org/resource/e6b38a2999

354626a36058676f916a47). The monitored catchments ranged from 1 to

2412 km2 with a mean area of 125 km2 (standard deviation of 425 km2)

and captured the whole elevation gradient with a mean catchment altitude

of 619 m. The San Lorencito experimental headwater catchment isotope

data from 2013 to 2019 were used for independent model evaluation. The

sampled sub-catchments comprise the complete climatic, geologic, and

land use gradient of the San Carlos River. Stable isotope analysis was per-

formed in the laboratory of the Stable Isotopes Research Group, Universi-

dad Nacional (UNA-SIL, Costa Rica). All samples were collected in 30 mL

HDPE bottles with plastic inserts to prevent secondary evaporation. Sam-

ples were filtered using a Midisart PTFE (polytetrafluorethylene) 0.45 mm

syringe membrane (Sartorius AG, Germany) and stored at 5�C until analy-

sis. Isotope measurements were conducted within 3–5 days after sampling.

The streamwater samples were analysed for deuterium (δ2H) and oxygen-

18 (δ18O) using an LWIA-45-EP water isotope analyser (Los Gatos, USA).

The average sample analytic precision during the analysis was 0.06‰ for

δ18O and 0.33‰ for δ2H. The average analytic precision for the enriched

(δ18O = �2.24‰, δ2H = �10.30‰) and depleted (δ18O = �16.73‰,

δ2H = �130.28‰) standards were 0.07‰ for δ18O and 0.28‰ for δ2H

and 0.07‰ for δ18O and 0.38‰ for δ2H, respectively. The isotope ratios

are presented in the established delta notation δ (‰), with reference to

the VSMOW-SLAP scale. Precipitation at the Soltis Center for Research

and Education of Texas A&M University (Figure 1a) was collected daily at

6 AM, sealed in the same HDPE bottles, and stored in a fridge at 4�C until

shipped to UNA-SIL for stable isotope analysis. Historic weekly (Cuidad

Quesada) and event (San Lorencito) precipitation isotope records

(Figure 1a) were also used for a linear scaling bias correction (see Wörner

et al., 2019) of IsoRSM output (Figure 3) driving STARRtropics. The bias-

corrected precipitation isotope records capture the general variations but

not the daily extremes (Figure 3). Still, the spatially variable precipitation

isotope input is a useful basis for assessing more seasonal and interannual

variations of system function in terms of flux and storage dynamics.

F IGURE 1 Overview of the San Carlos study site as a larger-scale model experimental catchment with: (a) altitudinal range from 40 to
2326 m.a.s.l. and the location of available historical discharge gauges together with transpiration measurements (Soltis Center), (b) land use
classes with monthly stable isotope sampling locations in 46 streams based on Birkel et al. (2020), (c) the Topographic Wetness Index (TWI),
(d) the average Leaf Area Index (LAI) estimates derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) from 2000 to 2018,
(e) the mean annual precipitation and (f) the regional context with the Pacific Ocean and Caribbean Sea moisture sources surrounding Costa Rica.

ARCINIEGA-ESPARZA ET AL. 5 of 20
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TABLE 1 Catchment discharge gauging station and isotope statistics used for model calibration, which are linked to the catchment map in
Figure 1 for isotope sampling and gauging stations.

Catchments

Area (km2) Elevation (m.a.s.l.) Slope (%)

Discharge statistics (m3/s)

Upslope Name 25% 50% 75%

Total San Carlos 2564.5 488 17.9

Discharge gauges Terron Colorado 1699.3 647 21.2 78.30 137.00 197.00

Boca Tapada 2412.6 336 13.5 97.80 179.00 278.75

Jabillos 457.1 1005 29.7 19.50 35.80 64.02

Pocosol 142.2 1170 41.0 10.80 16.40 22.17

Upslope Name Area (km2) Elevation (m.a.s.l.) Slope (%) δ2H (‰) δ18O (‰) Sample size

Sampling points 1 7.9 1212 18.1 �32.8 ± 7.3 �5.62 ± 1.20 12

2 1.1 1108 18.7 �35.7 ± 3.2 �6.06 ± 0.48 12

3 1.6 1093 19.1 �37.6 ± 3.1 �6.32 ± 0.43 12

4 5.7 1158 31.0 �34.7 ± 3.2 �6.03 ± 0.54 12

5 1.0 1024 25.9 �32.9 ± 4.4 �5.75 ± 0.69 12

6 10.4 1098 37.5 �31.6 ± 2.9 �5.64 ± 0.57 12

7 153.3 913 35.2 �28.9 ± 4.4 �5.18 ± 0.73 11

8 1.5 271 18.0 �29.1 ± 5.4 �4.93 ± 0.84 12

9 38.2 964 42.0 �26.4 ± 4.1 �4.92 ± 0.68 12

10 7.2 767 31.4 �25.7 ± 4.9 �4.71 ± 0.78 12

11 5.7 571 24.0 �27.1 ± 3.9 �4.98 ± 0.66 12

12 5.8 664 30.3 �24.8 ± 8.1 �4.45 ± 1.25 12

13 152.8 1129 41.2 �24.4 ± 7.1 �4.68 ± 1.04 12

14 11.6 539 25.5 �25.9 ± 6.1 �4.83 ± 0.89 12

15 12.6 816 38.6 �23.5 ± 7.7 �4.54 ± 1.15 12

16 8.4 628 34.6 �24.3 ± 8.6 �4.68 ± 1.21 11

17 0.7 280 17.6 �26.9 ± 6.1 �4.72 ± 0.92 12

18 0.4 226 20.2 �26.3 ± 5.7 �4.75 ± 0.86 11

19 7.1 364 24.2 �26.8 ± 7.0 �4.81 ± 1.02 10

20 7.4 609 32.3 �23.0 ± 7.4 �4.51 ± 1.02 11

21 22.6 853 33.7 �21.2 ± 6.3 �4.37 ± 0.90 12

22 1.6 537 21.2 �23.0 ± 8.3 �4.45 ± 1.07 11

23 9.3 630 27.5 �23.9 ± 7.5 �4.48 ± 0.92 12

24 0.8 625 30.6 �20.5 ± 3.2 �3.91 ± 0.57 12

25 0.5 517 24.7 �21.2 ± 1.3 �4.19 ± 0.42 11

26 1.7 654 27.9 �20.8 ± 7.4 �3.90 ± 1.20 10

27 0.5 525 21.5 �23.4 ± 2.8 �4.23 ± 0.51 11

28 2.8 702 26.6 �21.4 ± 5.6 �3.92 ± 0.85 10

29 4.4 540 15.6 �24.8 ± 10.2 �4.36 ± 1.34 11

30 3.8 786 31.5 �21.1 ± 1.2 �3.92 ± 0.36 11

31 95.9 450 17.7 �23.1 ± 2.7 �4.20 ± 0.57 12

32 28.8 92 4.5 �27.3 ± 9.0 �4.45 ± 1.23 12

33 778.9 874 25.1 �31.0 ± 3.9 �5.26 ± 0.81 12

34 90.3 432 14.7 �27.1 ± 3.7 �4.69 ± 0.63 12

35 44.9 1099 36.9 �26.2 ± 3.6 �4.79 ± 0.64 12

36 9.1 286 7.8 �27.5 ± 3.7 �4.61 ± 0.68 12

37 8.9 315 9.6 �26.8 ± 3.3 �4.56 ± 0.61 12

38 11.9 363 9.9 �26.1 ± 3.7 �4.48 ± 0.65 12
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3.2 | Model setup and evaluation

The Spatially distributed, conceptual Tracer-Aided Rainfall-Runoff

ecohydrology model for the tropics (STARRtropics), driven by bias-

corrected precipitation from CHIRPSv2 and IsoRSM output (Figure 4),

was used in this study. This was based on previous small-scale

(3.2 km2) and high-resolution (10 m grid and hourly time step) applica-

tions by Dehaspe et al. (2018) and Correa et al. (2020). The San Loren-

cito catchment test site is a headwater of the San Carlos River

(Figure 1b). STARRtropics evolved from its initial development (as the

model STARR) in northern upland catchments in Scotland (van

Huijgevoort et al., 2016) to represent the pristine tropical rainforest

TABLE 1 (Continued)

Upslope Name Area (km2) Elevation (m.a.s.l.) Slope (%) δ2H (‰) δ18O (‰) Sample size

39 99.4 684 24.0 �24.2 ± 3.3 �4.55 ± 0.53 12

40 1591.4 683 22.2 �27.3 ± 4.8 �4.85 ± 0.77 10

41 2370.1 113 7.1 �25.6 ± 6.6 �4.48 ± 1.01 10

42 66.1 127 18.2 �19.9 ± 4.8 �3.62 ± 0.90 10

43 30.0 119 6.7 �20.6 ± 4.2 �3.58 ± 0.86 10

44 28.9 104 5.0 �21.3 ± 3.8 �3.67 ± 0.81 10

45 9.4 130 5.1 �22.2 ± 2.8 �3.81 ± 0.67 10

233 5.0 357 13.5 �26.3 ± 6.5 �4.46 ± 0.96 11

F IGURE 2 (a–d) Bias-corrected catchment average daily model forcing time series together with (e–h) mean monthly regimes of precipitation,
temperature, relative humidity (RH), and precipitation isotopes (δ2H) for the study period from 1983 to 2018. The shaded bands around the
monthly regimes are one standard deviation representing the overall variability. Note the inverse relationships of precipitation with precipitation
isotopes and temperature with relative humidity.
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F IGURE 3 Simulated bias-corrected IsoRSM precipitation isotope (deuterium—2H) data plotted against available observed isotope data at
three measurement stations.

F IGURE 4 Conceptualization
of how the isotope-enabled
regional climate model (IsoRSM;

Yoshimura et al., 2010) output
feeds into the ecohydrology
model STARRtropics (Correa
et al., 2020). The IsoRSM was
previously tested for the Central
America and Caribbean domain
on a 25 � 25 km grid and
resolves major atmospheric
processes with isotope transport
and fractionation due to water
phase changes.
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of the San Lorencito. The development involved implementing a mod-

ified LAI-based Rutter interception and a runoff generation routine

(Dehaspe et al., 2018) and isotope-based ecohydrological water parti-

tioning into STARRtropics (Correa et al., 2020). We then tested differ-

ent spatial and temporal resolutions for the STARRtropics application

to the 2565 km2 San Carlos catchment with four land use classes (for-

est, pasture, crop, and urban). Here, we settled on a 1-km grid scale

and daily model time step as this was able to differentiate catchment

physical characteristics in terms of topography and land use; but still

adequately account for the observed hydrological response time of

around 1 day for the entire catchment. The STARRtropics conceptual

runoff generation approach used six calibrated parameters (FC1 and

FC2, BetaSeepage, kS, kG, and Ksat) and was loosely based on the

two-reservoir HBV model conceptualization of Seibert and Vis (2012).

The parameters FC1 and FC2 differentiate TWI-based hillslope from

valley runoff generation independent of land use. Land use was

assumed to mostly influence interception and water partitioning

reflected in the spatially distributed LAI input map (Correa

et al., 2020). Additionally, to the six runoff generation parameters, the

model included two calibrated interception parameters (Ds, b), three

calibrated tracer mass balance parameters (GWpas, Smpas1, and

fracSM), and three parameters (ttmp, cevp, and cevpam) for potential

evapotranspiration using the default temperature-based method

implemented in the HYPE model (Lindström et al., 2010). The total

number of 14 calibrated model parameters with a short description

and initial ranges can be found in Table 2. The tracer module couples

isotope transport and mixing to water fluxes using a mass balance

approach. Tracer damping is achieved with additional calibrated mix-

ing volume parameters per model reservoir, which do not hydraulically

contribute water to the stream. Both, the dynamic and hydraulically

active storages (SM, GW) together with the associated passive mixing

storages (GWpas, Smpas1) result in the total catchment storage

(Table 2). The total catchment storage is used to calculate monthly

residence times (RT) and mean residence times (MRT) as the ratio of

total catchment storage to total outflow as the sum of discharge

(Qt) and actual evapotranspiration (AET). The latter simple indicators

of the study catchment time domain were used due to less computa-

tional demand instead of a fully distributed flux tracking approach as

in Correa et al. (2020). Furthermore, partitioning of evapotranspiration

into transpiration, interception evaporation and soil evaporation fol-

lowed Correa et al. (2020) and an isotope mass balance approach

together with the Craig-Gordon model (Gonfiantini et al., 2018) to

compute the isotopic composition of the un-observed evaporating

flux with respect to the residual interception and soil store isotopic

composition. The major assumptions behind this mass balance

approach are that transpiration is a non-fractionating process (the

transpired isotopic water composition equals the soil water isotopic

composition), that the Craig-Gordon derived evaporative fractionation

depends on the relative humidity and air temperature, that the ambi-

ent water vapour isotope composition is in equilibrium with rainfall

and that the transpiration rates cannot exceed total actual evapo-

transpiration (Correa et al., 2020; Gonfiantini et al., 2018). The latter

isotope mass balance approach can theoretically fail, for example, in

case of more enriched evaporating waters with respect to the atmo-

spheric water vapour isotope composition, if the evaporating soil

water source is enriched relative to the atmospheric water vapour

source (=precipitation), which we did not observe with this data set.

3.2.1 | Temporal model evaluation

We generated 10 000 Monte Carlo, randomly sampled, parameter

combinations for the period from 1985 to 2018 (Table 2). The previ-

ous first 2 years, from 1983 to 1984, were used as a model warm-up

period that proved sufficient to equilibrate storage levels and not

included in the calibration process. The longest available streamflow

record at the Terron Colorado station (Table 2) was split in a calibra-

tion (1984–1997) and validation (1998–2003) period. Then, the simu-

lations were jointly evaluated using the Kling-Gupta Efficiency (KGE)

and Nash-Sutcliffe-Efficiency (NSE) criteria for discharge (Qt), correla-

tion coefficient (CC) for streamwater isotopes (QconcT) as calibration

targets, and the Mean Absolute Error (MAE) for the independent

model evaluation using measured transpiration in a model pixel to

point-scale comparison.

The discharge scores KGE and NSE were averaged using 0.7*Ter-

ron Colorado + 0.1*Boca Tapada + 0.1*Jabillos + 0.1*Pocosol with a

greater relative weight for the largest downstream station Terron Col-

orado because it had the longest 30-year gauged daily record

(Figure 1 for station locations). The monthly streamwater isotopes

used a correlation coefficient as a criterion to evaluate the isotope

dynamics due to a relatively lower number of observations (<12) that

result in insensitive KGE or NSE performance. The calibration targets

were KGE_Qt > 0.4, NSE_Qt > 0.2, and CCQconcT > 0.3, and only

simulations that exceeded these thresholds were deemed acceptable

and retained for further analysis and a qualitative uncertainty assess-

ment. The accepted parameter sets were analysed for spatio-temporal

ecohydrological water partitioning, storage, discharge, and isotope

simulations.

3.2.2 | Spatial model evaluation

The accepted parameter sets were used to simulate spatial maps of

isotope compositions of components of ecohydrological water parti-

tioning, associated fluxes and storage dynamics. Spatial model output

was generated for an average ensemble of the retained 52 best simu-

lations and then aggregated to mean annual values of total catchment

storage (active plus passive storage), soil storage isotope composition,

groundwater storage isotope composition, mean residence time, ratio

of transpiration to precipitation (Transp/P) and ratio of transpiration

to actual evapotranspiration (Transp/AET). Available point-scale mea-

surements (soil and groundwater isotope composition) and modelled

estimates (MRT, Transp/AET) were used for an independent model

evaluation. The latter estimates were independently compared against

measured groundwater isotopes from Sánchez-Murillo and Birkel

(2016), flux tracking transit time estimates by Correa et al. (2020) and

ARCINIEGA-ESPARZA ET AL. 9 of 20
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Birkel et al. (2021), measured transpiration by Aparecido et al. (2016),

and independently modelled transpiration estimates by Iraheta

et al. (2021).

4 | RESULTS

4.1 | Temporal simulation of isotope and
ecohydrological processes and model performance

Assessing the model parameter identifiability after 10 000 MC sam-

pling iterations showed the most identifiable parameters in terms of

influencing the performance criteria were kS, kG, Betaseepage,

SMpas1, cvep, and ttmp. The first three parameters control the hydro-

logic response of the upper (kS) and lower (kG) model reservoir with

the Betaseepage parameter-controlled water distribution from the soil

storage into runoff generating storage and evapotranspiration of avail-

able water. The mixing volume SMpas1 damps the incoming isotopic

variability. The parameters cvep and ttmp were sensitive to simulated

water partitioning and evapotranspiration (Figure 5). However, we

also found runoff generation parameters (e.g., kS) that influence tracer

transport and mixing (e.g., SMpas1 parameter in Figure 5—Isotopic

sensitivity panel).

The overall maximum scores for streamflow from the 10 000 MC

simulations were �0.6 for KGE and �0.28 for NSE, streamflow iso-

topes showed a maximum CC of �0.48, and transpiration a minimum

MAE of 1.34 mm (range from 1.34 to 1.64 mm); however, only 52 sim-

ulations preserved a balanced performance (Figure 6) satisfying all cal-

ibration targets and were further used to analyse large-scale

ecohydrological water partitioning.

Overall, daily discharge dynamics were reasonably simulated, with

KGE values ranging from 0.31 to 0.73 for individual timeseries for all

accepted parameter sets and at all gauging stations (Figure 7). Model

performance increased with catchment scale and was best at the most

downstream station Boca Tapada (max KGE = 0.73) and lowest at the

upstream Pocosol gauging station (142 km2) with maximum KGE

values of 0.48. The simulations captured the discharge seasonality

with less flow from January to March (dry season) and the high flow

period with peaks in September and October (second leg of the rainy

season forced by the ITCZ and synoptic systems). The water balance

was correctly simulated, but the model was less successful in captur-

ing peak flow events likely due to model input, spatial data, model

structure and parameter uncertainty. The latter was reflected in lower

NSE values of around 0.3 (Table 3). The timings of low flow and

drought periods were correctly simulated, albeit with a trend towards

underestimation (see log-scale discharge in Figure 7). The calibration

period covered was long enough to capture interannual variability

with several records for extreme events such as among others Hurri-

cane Joan in 1988, the above-average hurricane season in 1995, the

record discharge drought in 1997–1998 due to El Niño, Hurricane

Otto in 2016, tropical storm Nate in 2017, and another record low

flow period in 2018–2019 reported by Birkel et al. (2020) and linked

to the 2015–2019 extended drought visible in the annual mean water

balance of Figure S2 (Pascale et al., 2021).

Similarly, the streamwater isotope range was reasonably simu-

lated at most observed streams (mean CC � 0.35). Figure 8 depicts a

slightly better performance at the stream sites ID 31 (e.g., catchment

area of 96 km2) and ID 7. The isotope simulations at larger stream

sites such as site ID 41 that corresponds to the Boca Tapada down-

stream gauging station with an area of 2413 km2 resulted less

TABLE 2 Prior parameter ranges used for a total of 10 000 Monte Carlo parameter sampling iterations.

Parameter Units Process Description Min Max

Ds mm/d Routing Drainage from canopy when the storage is completely filled 0.1 2.8

b - Routing Exponent in Rutter interception module 3.8 4.8

FC1 mm Storage Water holding capacity of the soil in hillslopes 200.0 500.0

FC2 mm Storage Water holding capacity of the soil in valleys 500.0 700.0

BetaSeepage - Runoff Non-linear exponent for soil store runoff generation 0.4 3.5

ks 1/d Baseflow Recession coefficient of discharge from soil store 0.002 0.3

kG 1/d Baseflow Recession coefficient baseflow 0.001 0.1

Ksat mm/d Groundwater Horizontal saturated hydraulic conductivity 1.0 200.0

GWpas mm Groundwater Additional (passive) groundwater mixing volume 140.0 1000.0

SMpas1 mm Isotopes Additional (passive) soil mixing (SM) volume 40.0 270.0

fracSM - Isotopes Scaling factor for SM volume 0.4 0.9

ttmp �C Evapotranspiration Threshold temperature for evapotranspiration 8.0 9.7

cevp mm/�C.d Evapotranspiration Evapotranspiration parameter 0.25 0.35

cevpam - Evapotranspiration Amplitude of sinus function that corrects potential

evapotranspiration

0.25 0.35

Note: Wide initial parameter ranges were informed by previous work (Correa et al., 2020; Dehaspe et al., 2018), and we kept parameter names identical to

previous publications and, therefore only a short description is included.
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dynamic and more seasonal compared to more variable headwater

streams such as site ID 31 with more simulated isotope peak events

(Figure 8). However, the short and monthly stream isotope sampling

precluded from a more systematic temporal model evaluation. The

model was not able to simulate the observed isotope lapse rate visible

from the stream deuterium samples (Figure S1a), with only more

F IGURE 5 Identifiable parameters compared against different objective functions. The most identifiable runoff generation parameters
BetaSeepage, kS, and kG plotted against KGE and NSE. Isotope parameter SMpas1 is plotted against the CC (correlation coefficient), and the
evapotranspiration routine parameters cevp and ttmp are visualized against the MAE of transpiration. Red dots correspond to the 52 best
simulations that satisfied the imposed calibration target.

F IGURE 6 Summary of all scores (KGE, NSE, CC, and MAE) with respect to the 52 best simulations that satisfied the imposed calibration
target (red dots).

ARCINIEGA-ESPARZA ET AL. 11 of 20
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depleted simulated isotope compositions at the highest mean catch-

ment elevations. Such a mismatch in gradient was driven by the rain-

fall isotope input data, where the more depleted rainfall events were

additionally underestimated by IsoRSM (Figure 3).

The retained model simulations were then used to quantify

catchment-scale ecohydrological water partitioning and storage

dynamics. The aggregated monthly simulations indicated seasonal

AET and storage dynamics driven by rainfall patterns (Figure 9a). The

annual aggregated annual simulations are shown in Figure S2 and

Table S1 in the Supplementary Material. Average modelled total

catchment storage (dynamic plus passive subsurface and groundwater

storage estimated by STARRtropics) oscillated around 1200 mm, with

normalized storage of 0.4 with respect to minimum and maximum

storages (Figure 9c, Figure S2c). The storage percentiles 25th and

75th were computed as 1100 and 1370 mm, which correspond to 0.2

and 0.6 of the normalized storage, respectively. The model repro-

duced monthly storage of about �1200 mm and remarkable low

monthly discharge (�200 mm) events during the wet season in the

years 2009–2010 and 2018 (Pascale et al., 2021). Similarly, the

evapotranspiration signal showed a pronounced seasonality over the

complete period, with the simulated AET being close to 70% com-

pared to PET (Figure S2e), and 66% at the annual scale (Table S1). Fur-

thermore, the temporal pattern was shifted with a maximum AET

close to 100 mm at the beginning of the rainy season, in contrast to

PET with maximum values during the driest months. The latter peak

AET was explained by peak transpiration (transp) due to higher radia-

tion inputs and sufficient soil water availability. For the whole simula-

tion period, the maximum transpiration also resulted in maximum

transp/AET ratios close to 1 during the peak rainfall months in June

and October and with minimum values as low as 0.01 during dry

months in April and May (Figure 9k). The monthly residence time indi-

cator (i.e., the total storage to sum of discharge ratio and actual

evapotranspiration) closely followed the hydroclimatic seasonality

with shorter RTs over the rainy season in the order of around

6 months which increased up to 5 years over the driest months for

some drought periods on record (Figure 9l). Increasing RTs were quali-

tatively detected since 2010 due to a decrease in rainfall inputs

(Figure 9a,f, Figure S2a).

4.2 | Spatial simulation of isotope and
ecohydrological processes and independent model
evaluation

Modelled total (active plus passive) storage estimates ranged from

1000 to 2000 mm for over 90% of the grid cells in the catchment

F IGURE 7 Observed discharge (black line) plotted against the log-scale interquartile range (25th–75th) of the 52 accepted simulations from
1984 to 2003 with an indication of the full range of KGE and NSE performance criteria.
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TABLE 3 Posterior parameter statistics (mean, standard deviation, minimum, and maximum) of the retained 52 simulations.

Parameter Units Process Mean Std Min Max

Ds mm/d Routing 1.22 0.79 0.14 2.70

B - Routing 4.34 0.29 3.83 4.79

FC1 mm Storage 356.45 92.08 200.45 499.65

FC2 mm Storage 603.54 59.53 503.04 699.54

BetaSeepage - Runoff 0.79 0.46 0.40 2.87

Ks 1/d Baseflow 0.04 0.033 0.00 0.19

kG 1/d Baseflow 0.02 0.01 0.00 0.06

Ksat mm/d Groundwater 73.08 52.56 2.59 191.49

GWpas mm Groundwater 578.22 245.99 152.27 962.37

SMpas1 mm Isotopes 213.35 57.25 56.61 269.45

fracSM - Isotopes 0.71 0.13 0.43 0.89

Ttmp �C Evapotranspiration 8.77 0.52 8.01 9.65

Cevp mm/�C Evapotranspiration 0.31 0.03 0.25 0.35

cevpam - Evapotranspiration 0.29 0.03 0.25 0.34

KGE Qt - Kling-Gupta for discharge 0.59 0.06 0.55 0.63

NSE Qt - Nash-Sutcliffe for discharge 0.28 0.06 0.24 0.32

LogKGE Qt - KGE for logarithm of discharge 0.56 0.18 0.12 0.77

LogNSE Qt - NSE for logarithm of discharge 0.31 0.33 �0.6 0.65

CC QconcT - Correlation coefficient of streamwater isotopes 0.35 0.04 0.30 0.45

MAE Transp mm Mean absolute error for transpiration 1.51 0.08 1.34 1.64

F IGURE 8 Observed monthly average streamwater δ2H plotted against the interquartile range (25th–75th) of the 52 retained simulations at
selected monitoring points throughout the catchment representing upland (7, 31 38) and lowland (32, 41, 42) sites from 2016 to 2018.
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(Figure 10a, Table S1). However, somehow counterintuitive, higher

modelled storage accumulated in the headwaters down to around

1000 m.a.s.l., with the lowlands showing less and uniform modelled

storage capacity, which is related to the simplification used in STARR

to simulate lateral flow as a function of the slope of the terrain

(Dehaspe et al., 2018). Average soil and groundwater isotope compo-

sition exhibited a spatial gradient related to the precipitation and

streamflow isotopic lapse rate (Figure S1b). The further away from the

Atlantic coast and the higher the elevation resulted in a more depleted

isotope composition, with simulations generally reflecting the

30 (<30 m depth) monitored shallow groundwater wells (�18‰ to

�54‰, deuterium with a CC = 0.72) and the measured average point

soil isotope (�23‰ deuterium, Figure 10b) composition at San Loren-

cito. The observed and simulated groundwater isotope composition

showed a CC of 0.7 and generally follow a 1:1 trend (Figure 10c);

however, enriched isotope signatures were under-estimated by 5‰–

10‰ and the more depleted headwater groundwater isotope compo-

sition was over-estimated by 10‰, presumably due to under

F IGURE 9 Modelled catchment scale average and monthly resampled and mean monthly water fluxes (a, g) precipitation, (b, h) discharge at
the San Carlos catchment outlet, (c, i) total storage, (d, j) AET partitioning, (e, k) Transp/AET series, and (f, l) residence times as storage/(Qt + AET)
are visualized as the interquartile 25th–75th bands of the retained 52 best simulations.
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estimation of depleted heavy rain events recharging aquifers. The soil

isotope pattern additionally featured more enriched compositions in

the higher rainfall areas. Further, the observed streamflow isotope

lapse rate was not reproduced by the model compared to an improved

groundwater isotope lapse rate (Figure S1a). The estimated MRTs

reflected the average spatial rainfall pattern with the shortest resi-

dence times in areas with higher accumulated rainfall and steeper ter-

rain (the northwestern and southeastern parts of the San Carlos,

Figure 1a,e). The San Lorencito experimental catchment area yielded

mean transit times estimates of around 2–4 years. The simulated

average ecohydrological water partitioning showed higher average

Transp/AET and lower Transp/P ratios in the aforementioned areas of

higher rainfall and lower AET.

STARRtropics simulated mean annual ecohydrological water par-

titioning from around 0.43 to 0.5 for the Transp/AET ratio, from 0.31

to 0.43 for the AET/P ratio and from 0.14 to 0.19 for the Transp/P

ratio (Table 4). The Transp/AET ratio showed relative similarity among

the modelled land use classes with crops such as sugar cane or pine-

apple resulting in lower Transp/AET compared to the higher Transp/

AET of forest and grass. The Transp/AET ratios for forests across the

catchment resulted relatively similar. Further, the Transp/AET ratios

increased from 0.45 in the lowlands to 0.5 in the headwaters. How-

ever, Transp/P decreased with large precipitation rates (around

4150 mm in the high elevations to the west and east of the catch-

ment) and decreasing AET (1421 to 1225 mm) with elevation

(Table 4). The LAI affects the Transp and AET estimates due to the

LAI-driven net precipitation (Dehaspe et al., 2018), where the Transp/

AET ratio decreased from 0.48 to 0.43 with increasing TWI in the cen-

tral catchment area characterized by lower LAI values associated to

agricultural land use (Figure 1b,e).

5 | DISCUSSION

5.1 | Value of isotope integration and multi-criteria
calibration for upscaling a conceptual ecohydrological
model

Process-based hydrological modelling at larger scales is a major chal-

lenge as small-scale hydrological process descriptions often repre-

sented by model parameters are often scale-dependent (Bashford

et al., 2002). This scale dependency is true for most models from

F IGURE 10 Mean annual maps (1985–2018) of simulated average (a) total catchment storage, (b) soil storage isotope composition,
(c) groundwater storage isotope composition and correlation between observed and modelled isotope composition, (d) mean residence time
(MRT), (e) transpiration (Transp) and (f) transpiration/actual evapotranspiration (Transp/AET). Measured groundwater isotope composition was
superimposed on (c) and point-scale soil isotope measurements (b), MRT (d), and Transp/AET estimates (f) at San Lorencito for independent
model evaluation.
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simple to complex (Beven, 1995), which can cause problems simulat-

ing runoff generation and ecohydrological processes at larger catch-

ment scales. Smith et al. (2021) recently applied the physically-based,

tracer-aided EcH2O-iso ecohydrology model, which was mostly

developed for small experimental catchments of a few km2 by Kuppel

et al. (2018), in a drought-sensitive, lowland mesoscale catchment

(�70 km2) in Germany, testing different spatial grid scales. They found

that a spatial aggregation of >1 km2 grid size was no longer suitable to

reliably represent runoff generation and flow routing with associated

tracer mixing, resulting in over-averaged discharge and tracer

responses. In our wetter, tropical and higher relief catchment setting,

we settled on a 1-km pixel size resolution and a daily model time step.

This configuration was still able to reproduce the topography-

dominated (STARRtropics uses the TWI to generate and route flow

similar to the original TOPMODEL approach of Beven & Kirkby, 1979)

discharge response to rainfall events (Figures 7 and 8) and also the

associated tracer mixing and transport at a greater computational effi-

ciency, but at the expense of lower performance at more dynamic

headwater sites such as, for example, the San Lorencito experimental

catchment simulated by Dehaspe et al. (2018) and Correa et al.

(2020). Discharge simulations at the outlet of the San Carlos catch-

ment were similar to other conceptual modellings, such as the region-

ally calibrated HYPE model for Costa Rica (Arciniega-Esparza

et al., 2022), with a KGE and CC of 0.61 and 0.91.

Temporal model parameter dependencies (Reusser et al., 2011)

could not be considered due to the computational demand of the fully

distributed STARRtropics and large-scale model domain. However,

the multi-criteria temporal model evaluation used time series from a

unique data set of discharge and monthly streamwater isotopes evalu-

ated at 46 sampled rivers with a combined NSE, KGE and CC calibra-

tion target. We did not perform an exhaustive test comparing many

different statistical calibration criteria such as in Stadnyk and Holmes

(2020), but the most sensitive criterion evaluating a balanced model

able to represent the complete range of discharge was the KGE. We

used correlation coefficients as a calibration target for streamwater

isotopes as we had few available observations, which was also found

to be a reasonable approach by Stadnyk and Holmes (2020), but

should be changed to using KGE for calibration with more observa-

tions in the future. Further, evaluating simulated transpiration and

observed groundwater isotope composition as an independent model

test, helped gain insights into model limitations (Figure S1b), which

mostly point towards the need to improve spatially and temporally

distributed model inputs and data for evaluation.

For example, the ecohydrological water partitioning in STARRtro-

pics depends on the LAI as indicator of vegetation density and a sim-

plified Rutter interception routine with only two parameters. The

latter worked well at the small 3.2 km2 experimental headwater catch-

ment scale with a relatively homogeneous pre-montane rainforest

TABLE 4 Zonal statistics of ecohydrological fluxes and signatures (P, AET, Transp, AET/P, Transp/P, Transp/AET) by land use class, elevation
zones, and TWI classes (as in Figure 1).

Land use Area (%) Prec (mm/year) AET (mm/year) Transp (mm/year) AET/Prec (�) Transp/AET (�) Transp/Prec (�)

Grass 21.68 3857 ± 718 1295 ± 102 609 ± 45 0.34 ± 0.05 0.47 ± 0.03 0.16 ± 0.02

Forest 44.6 3866 ± 768 1296 ± 102 613 ± 45 0.34 ± 0.05 0.47 ± 0.02 0.16 ± 0.02

Crops 23.94 3619 ± 525 1307 ± 77 589 ± 41 0.37 ± 0.04 0.45 ± 0.02 0.16 ± 0.02

Urban 1.67 4007 ± 631 1311 ± 78 599 ± 40 0.33 ± 0.05 0.46 ± 0.03 0.15 ± 0.02

Bare ground 1.43 3786 ± 851 1309 ± 100 603 ± 62 0.36 ± 0.05 0.46 ± 0.03 0.16 ± 0.02

Water 0.39 3388 ± 318 - - - - -

Pineapple 4.49 3519 ± 263 1341 ± 58 602 ± 21 0.38 ± 0.02 0.45 ± 0.01 0.17 ± 0.01

Cane 1.8 3389 ± 462 1281 ± 63 559 ± 33 0.39 ± 0.04 0.44 ± 0.01 0.17 ± 0.01

Elevation (m.a.s.l) Area (%) Prec (mm/year) AET (mm/year) Transp (mm/year) AET/Prec (�) Transp/AET (�) Transp/Prec (�)

0 to 400 59.5 3579 ± 442 1329 ± 99 601 ± 43 0.38 ± 0.04 0.45 ± 0.02 0.17 ± 0.02

400 to 800 14.3 4342 ± 836 1304 ± 113 616 ± 69 0.31 ± 0.04 0.47 ± 0.03 0.14 ± 0.02

800 to 1200 13.2 3885 ± 964 1225 ± 120 600 ± 43 0.33 ± 0.05 0.49 ± 0.03 0.16 ± 0.03

1200 to 1600 8.0 3888 ± 841 1227 ± 98 608 ± 29 0.33 ± 0.04 0.50 ± 0.02 0.16 ± 0.03

1600 to 2200 5.0 4148 ± 631 1255 ± 56 625 ± 11 0.31 ± 0.03 0.50 ± 0.02 0.15 ± 0.02

TWI ranges Area (%) Prec (mm/year) AET (mm/year) Transp (mm/year) AET/Prec (�) Transp/AET (�) Transp/Prec (�)

9 to 11.5 10.14 4343 ± 834 1283 ± 94 617 ± 50 0.30 ± 0.04 0.48 ± 0.02 0.15 ± 0.02

11.5 to 14 47.14 3846 ± 732 1259 ± 92 602 ± 46 0.33 ± 0.04 0.48 ± 0.03 0.16 ± 0.02

14 to 16.5 30.15 3618 ± 569 1322 ± 111 603 ± 46 0.37 ± 0.04 0.46 ± 0.03 0.17 ± 0.02

16.5 to 19 7.36 3581 ± 415 1421 ± 84 611 ± 43 0.40 ± 0.03 0.43 ± 0.02 0.17 ± 0.01

19 to 25 5.21 3312 ± 258 1416 ± 86 613 ± 52 0.43 ± 0.02 0.43 ± 0.01 0.19 ± 0.01

Note: The area is the percentage of land use class, elevation zone, or TWI class to total catchment area. Statistics correspond to the mean ± SD.
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(Dehaspe et al., 2018), but required other un-tested land cover types

(urban, crops, etc.) additionally to forest for the Rutter model parame-

ters at the larger scale. Furthermore, the spatially variable but tempo-

rally constant LAI used here is subject to greater variability over such

a mixed land use catchment and over 30 years of simulated fluxes;

however, the lack of LAI datasets from 1980 to 2000 complicates the

evaluation of the long-term vegetation dynamics and changes related

to land use. Additionally, the internal isotope mass balance used to

calculate transpiration from net precipitation after interception (after

Correa et al., 2020) depends on the spatial rainfall isotope variability

IsoRSM output, which resulted rather homogeneous over parts of the

model domain with different land use classes. Consequently, we

derived relatively similar transpiration fluxes for grass and forest and

different crops such as pineapple and sugarcane located in close prox-

imity (Table 4). Additionally, the IsoRSM simulated precipitation iso-

topes underestimated the actual day-to-day isotopic variability in the

region resulting in underestimated peak event streamwater isotopes.

Therefore, the largest source of uncertainty and challenge in

modelling was the distributed input data to drive the model

(e.g., underestimation of peak rainfall events by global products as

demonstrated by Arciniega-Esparza et al., 2022). Nonetheless, few

such attempts to use climate model output as drivers for tracer-aided

hydrological modelling have been made in the past (e.g., Delavau

et al., 2017 for a large catchment in Canada), but in the future, this

might be the only feasible approach to generate large-scale ecohydro-

logical simulations of water partitioning, particularly in scarce data

regions. Much needed reduced climate model uncertainty might

depend on finer-scale water isotope simulations of the soil-

atmosphere moisture recycling feedback as well as in-cloud processes

(Yoshimura, 2015).

5.2 | Spatio-temporal model realism across a
tropical catchment gradient

Independent model evaluation with spatially distributed data, point-

scale measurements and model estimates attempted to evaluate

model realism of STARRtropics in terms of reasonable water partition-

ing, discharge, storage, and isotope simulations. We compared the

groundwater isotope simulations with 30 measured shallow ground-

water wells (max 30 m depth) from Sánchez-Murillo and Birkel (2016)

with an average CC of 0.72 (Figure 10c). The model picked up on the

isotope lapse rate in groundwater of more depleted isotope composi-

tions at higher elevations but failed to simulate the streamflow iso-

tope lapse rate (Figure S1a). The groundwater simulations reflected

potential preferential groundwater recharge that results in more

depleted groundwaters compared to average rainfall and streamwater

isotope compositions pointing at active recharge during the highest,

most intense and isotopically most depleted rainstorms in September/

October (Jasechko & Taylor, 2015; Sánchez-Murillo et al., 2020; Sán-

chez-Murillo & Birkel, 2016). Soil water isotope simulations matched

point-scale averaged soil water isotope measurements from the San

Lorencito experimental catchment, albeit we recognize such a single

point measurement does not reflect the naturally occurring soil water

isotope variability (Figure 10b). More complex simulated transpiration

for the matching grid cell of the Soltis research site showed compara-

ble average measured transpiration within a range of MAE from 1.34

to 1.64 mm with underestimated modelled peak transpiration and

only subtle differences in AET partitioning across modelled land uses

and topography (Table 4). Further, the model overemphasized the

transpiration seasonality (Figure 9) compared to relatively homoge-

neous all-year measured transpiration of the pre-montane rainforest

at Soltis (Moore et al., 2018). The latter likely resulted from the rela-

tively simple temperature-driven PET model that was used as a basis

to partition AET into evaporation and transpiration and finally over-

estimating simulated AET (Mueller & Seneviratne, 2014). As a result,

our simulated overall Transp/AET ratios of 0.44 to 0.5 (Table S1) were

on the lower side compared to global estimates for the tropics

(e.g., Wei et al., 2016). Interestingly, the STARRtropics-simulated tran-

spiration of the San Lorencito experimental catchment (Figure 10d) by

Correa et al. (2020) with Penman-Monteith PET resulted in slightly

higher Transp/ET ratios (avg 0.65 compared to 0.5 from the large-

scale model) with overall less than half (�350 mm/year) of the simu-

lated annual transpiration flux from the large-scale model (�600 mm/

year, Table 4). The large-scale transpiration flux estimates for the San

Carlos of Iraheta et al. (2021), based on a simple mean annual and

monthly isotope mass balance model, were in the same range of

around 600 mm/year compared to the STARRtropics simulations.

However, their Transp/ET ratios up to 0.8 were also higher than the

model results here. Despite differences and method-dependent

uncertainties surrounding the absolute values of ET partitioning, all

estimates by Correa et al. (2020) and Iraheta et al. (2021) and mea-

surements by Aparecido et al. (2016) generally were consistent with

our large-scale STARRtropics results within the uncertainty ranges of

the different models and measurements (Coenders-Gerrits

et al., 2014).

Previously modelled catchment storage (Correa et al., 2020;

Dehaspe et al., 2018) for a few grid cells of the San Lorencito site (var-

iable groundwater storage from a few mm to 600 mm) also agreed

with the large-scale STARRtropics model results (Figure 10a). The rel-

atively large storage of around 1000 mm resulted in longer residence

time estimates for the headwaters compared to shorter residence

times downstream characterized by less lowland storage capacity.

Modelled discharge TTs by Correa et al. (2020) ranged from a few

hours up to 2 years depending on the hydroclimatic variability, similar

to other research from the humid tropics and Costa Rican catchments

(Birkel et al., 2016; Mayer-Anhalt et al., 2022). Independent Tritium-

derived baseflow MTT resulted in 2.7 years age estimates with an

uncertainty range of around 1.5 years (Birkel et al., 2021). Higher stor-

age capacity of headwater catchments at higher elevations compared

to lowland catchments was recently shown to be a global feature

(Jasechko et al., 2016). However, it is also likely that lowland areas

have much higher groundwater storage in fluvial floodplain deposits,

which is not connected to surface water drainage and is therefore a

volumetric blind spot for the model. Further, differences arise from

the calculated total storage consisting of hydraulically active and
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“tracer-invoked” passive mixing storage (Dehaspe et al., 2018). Higher

storage is also related to longer TTs compared to catchments with a

faster turnover resulting in a strong global influence of young waters

in most catchments (Jasechko et al., 2016). The San Carlos catchment

and sub-catchments certainly fall into the young water-dominated

catchments category due to high rainfall inputs even if the calculated

residence times were around 1 year. The above discussion clearly

showed that STARRtropics reasonably simulated hydrological pro-

cesses at the aggregated catchment scale with some first-order water

partitioning and storage estimates that need improvements to be able

to simulate more detailed spatial patterns.

6 | MODEL LIMITATIONS AND POTENTIAL
FUTURE RESEARCH NEEDS

We combined a unique isotope data set (from 46 rivers) and multi-

criteria calibration to upscale the fully distributed, conceptual tracer-

aided hydrological model STARRtropics to spatial scales beyond

1000 km2 (San Carlos catchment) in the Tropics of Central America.

Our ecohydrological model provided important and novel insights

into water and tracer transport, residence time indicators, as well as

the ecohydrological water partitioning across major climate, land

use, and topographical gradients. The catchment's response was

predominantly driven by high rainfall inputs that override smaller

land cover-dependent transpiration fluxes contrary to our initial

expectation. The marked topographical gradient (2326 m) resulted in

more dynamic but still underestimated water and tracer responses

in the headwaters that averaged further downstream also due to

underestimated peak rainfall volumes and isotope compositions.

Nonetheless, the coarser daily and 1-km pixel headwater simulations

suffered compared to more detailed (hourly and 10 m pixel scales)

previous model performances; a clear set-back resulting from

upscaling to a few 1000 km2 catchment scale with necessary aggre-

gation of hydrological processes beyond dynamic small-scale runoff

responses of less than 1 h.

The model simulated relatively similar Transp/AET ratios up to

0.5 across different landcover classes with subtle but higher Transp/

AET ratios for forests and grass and lower Trans/AET for crops. The

Transp/AET ratios also increased from the lowlands to maximum

values in the headwaters, which is likely directly related again to the

bias in the model driving variables:

i. Rainfall isotope composition was too homogeneous and did not

match the observed lapse rate (also emphasized in the simulated

streamflow lapse rate), which drives the soil isotope composition

used in the mass balance calculating transpiration with relatively

small differences among different land covers.

ii. The time-constant LAI used to partition water into interception,

interception evaporation and net precipitation likely underesti-

mates land cover differences.

iii. The simplistic PET used overestimated evaporation demand con-

tributing to underestimated Tr/AET ratios.

Therefore, albeit a step in the right direction, many challenges

remain that need improvements mostly related to input data uncer-

tainty. Despite the prospects of using the output of climate models to

drive distributed larger-scale, tracer-aided hydrological models in situ-

ations of data scarcity, any such output needs to be downscaled and

bias-corrected, which can be a time-consuming task. Furthermore, in

future, the ecohydrological water partitioning based on a temporally

constant LAI and overly simplistic PET needs to be refined with a

time-variable LAI and energy balance-based PET estimates such as,

for example, with Penman-Monteith to better accommodate different

tropical land use classes and vegetation water use for more detailed

biogeochemical simulations of the critical zone. Incorporation of

dynamic leaf cycles may dramatically change timing and the integrated

magnitude of plant water use, particularly between natural vegetation

and crops. Given the potential importance of moisture recycling in the

soil–plant-atmosphere continuum at various scales, future research

should also consider direct coupling of an isotope-enabled regional cli-

mate model to an ecohydrology model with flux tracking for non-

stationary water age estimates. Such an approach would provide a

basis for projecting future climate and vegetation changes and the

impact on the regional hydrological and biogeochemical cycle beyond

data scarce tropical catchments.
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