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Understanding groundwater recharge mechanisms in karst zones is critical for preserving water supply, estab-
lishing water-use policies, and monitoring water pollution. In this study, we analyzed the isotope composition
(8%H and '%0) of rainfall, surface water, and groundwater in the Talgua River basin in northeastern Honduras
between August 2019 and December 2023. The main goal was to study the relationship between rainfall inputs
and recharge mechanisms in a complex karstic environment, characterized by high rainfall seasonality and
variable land use. The 5'®0 and 5%H relationship in rainfall resulted in a significant local meteoric water line of
5%H = 7.68 + 0.08-5'%0 + 9.47 + 0.42 (N = 223, r?> = 0.97, p < 0.001). HYSPLIT air mass trajectory and cluster
analysis using 5'®0 and deuterium excess (d-excess) revealed that moisture sources in the Talgua River basin
originated mainly from the Caribbean Sea (89 %) with minimal contributions from the Pacific Ocean and the Gulf
of Mexico (11 %). Recharge is mainly driven by heavy, isotopically depleted rainfall during the May—-November
(wet season), as indicated by the rainfall to groundwater (P/GW) '80/1°0 ratios. d-excess and the line-
conditioned excess (LC-excess) values indicate substantial meteoric inputs during the wet season, reflecting a
recycled-moisture signal that contributes to recharge, with only minor evapoconcentration effects. This study
systematically provides essential insights into rainfall, surface water, and groundwater interactions in the poorly
understood karstic regions of Central America. It advances our understanding of tropical karst hydrological
processes, such as moisture transport and recharge mechanisms, and provides valuable information for water
resource evaluation and management.

aquifer can be conceptualized as an open system within the catchment,
characterized by input, throughput, and output water flows. Even in

1. Introduction

Karst aquifers constitute geological formations with complex
hydrogeological and lithological characteristics (Bakalowicz, 2005).
This heterogeneity is inherent to rock dissolution processes driven by
carbonic acid in water, which dissolves carbonate rocks. The decom-
position of abundant plant material increases carbon dioxide availabil-
ity, which then interacts with runoff from heavy rainfall, accelerating
karst development (Ensley et al., 2021; Tarbuck et al., 2019). A karst

relatively simple karst aquifers, multiple subsurface systems with
limited hydraulic connectivity may coexist, each draining into distinct
conduit networks (Ford and Williams, 2007). As a result, mixed flows
develop, integrating pathways with highly variable velocities, from very
slow to extremely rapid, through large fractures and subterranean
channels (Arbel et al., 2010; Guo et al., 2018; White, 2007; Zhang et al.,
2019). Karst catchments are often characterized by a thin soil cover,
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epikarst with high infiltration capacity, and vadose and phreatic zones
containing networks of fractures, fissures, and conduits (Jukic et al.,
2021; Williams, 2008). In catchments where karst rocks predominate,
groundwater recharge is derived from autogenic/diffuse recharge
(Ensley et al., 2021; Ford and Williams, 2007). The autogenic/diffuse
recharge is related to a major mechanism of groundwater recharge, with
water infiltrating through the root and vadose zones via piston flow
(Good et al., 2015). However, more complex geological conditions are
typically found, and runoff also drains into karst aquifers from adjacent
or overlying non-karstic rocks (i.e., allogenic or focused recharge; Li
et al., 2024). Overall, karst recharge is predominantly focused through
preferential flow paths, with a significant amount of water rapidly
entering the aquifer through discrete conduits such as sinkholes, sinking
streams, and swallets. In some karst areas (e.g., Loess Plateau, China),
focused recharge may contribute to up to ~90 % of total recharge (Li
et al.,, 2017), although equally distributed contributions from diffuse
and focused recharge were also reported (Shen et al., 2022). This process
is like the diffuse recharge, but the presence of a well-developed network
of interconnected conduits and caves accelerates the flow, bypassing the
slower piston flow of the vadose zone (Hartmann et al., 2014). Conse-
quently, this rapid infiltration in karst systems can lead to a quick and
significant rise in the water table level, making them highly vulnerable
to contamination from surface activities (Ding et al., 2020; Jasechko and
Taylor, 2015).

Climate patterns across the tropics are changing, with increases in
extreme hydrometeorological events and convective rainfall projected
over Central America (Giorgi, 2006; Emanuel, 2021; Berg et al., 2013;
Fowler et al., 2021). While heavy precipitation events are expected to
intensify, they often contribute less to groundwater recharge and may
degrade water quality through flooding and erosion. Karst aquifers,
characterized by short response times, are particularly sensitive to these
changes, making them key systems for assessing the impacts of climate
change on groundwater resources (Hartmann et al., 2014; Giese et al.,
2025). Observed and projected decreases in long-term karst recharge,
ranging from 5 to 23 % in Israel (Bresinsky et al., 2023; Hepach et al.,
2024) to up to 75 % in Spain (Jodar et al., 2025), underscore the need for
detailed investigations in tropical karst environments, such as those in
northeastern Honduras, where recharge mechanisms remain poorly
understood compared to better-studied groundwater systems in
Honduras (e.g., Choluteca basin; Garcia-Santos et al., 2021). Based on
reported data, sedimentary rock formations cover approximately 40 %
of the territory of Honduras, with limestone areas accounting for about
~8 % of the country’s total area (Ochoa-Alvarez et al., 1989). Karst
aquifers in the Olancho Department of northeastern Honduras could
supply water resources for a population of up to 500,000 people. Stable
water isotopes provide a powerful tool to disentangle these recharge
processes and improve groundwater management under changing cli-
matic conditions. Here, we present a study in the Talgua River basin in
northeastern Honduras, a region with a prominent karst landscape and a
complex hydrological setting shaped by high rainfall seasonality and
diverse land use, including primary forest, coffee plantations, and
degraded pastures, all influencing infiltration and runoff dynamics
(Hanson et al., 2004; Saravia-Maldonado et al., 2024). This heteroge-
neity, particularly the contrasting infiltration capacities of degraded
pastures versus forested areas, underscores the need for improved un-
derstanding of rainfall-runoff generation and groundwater recharge
processes. The specific objectives of this study are to determine.

i) the contributions of different tropical moisture sources (e.g., Carib-
bean Sea, Pacific Ocean, recycled moisture) to rainfall generation in
northeastern Honduras;

ii) the main groundwater recharge mechanisms (i.e., diffuse vs. focused
recharge contributions) in the karst environment of the Talgua River
basin.

We hypothesize that the strong seasonality of precipitation in the
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Talgua River basin biases groundwater recharge toward the peak rainy
season, with recharge further influenced by recycled moisture inputs
and evaporation effects driven by land use, karst structures, and the
climatic conditions of northeastern Honduras. Our study provides in-
formation to further evaluate groundwater recharge under a changing
climate (specifically, the intensification of heavy precipitation events) in
tropical karstic environments. Even though previous assessments (e.g.,
Jasechko and Taylor, 2015) indicated that groundwater resources in the
tropics are likely to be a climate-resilient source of freshwater, stable
isotope-based studies in Central America (Sanchez-Murillo et al., 2020)
have highlighted the highly dynamic cycling of mass and energy pro-
duced by complex land-ocean-atmosphere interactions, even in this
relatively small region. These findings underscore the relevance of
studying new areas like the Talgua River basin, which is affected by
human interventions and strong seasonal changes in total precipitation
volume.

2. Materials and methods
2.1. Study area

Honduras is considered the second most cave- and karst-rich country
in Central America, after Guatemala. Karst systems of Honduras are
formed by a combination of typical exokarstic structures like sinkholes,
cenotes, mogotes (isolated hills), and towers, and best-known endo-
karstic structures such as caves and caverns (Jeannin et al., 2025; Ulloa
etal., 2011). The Atima formation (middle Cretaceous) is considered the
most widespread carbonate unit in the country, extending from the
western border with Guatemala to the eastern border with Nicaragua.
This system houses the main karst areas, including the Susmay Caves,
the Rio Talgua Caves, the Rio Atima sinkhole, as well as the under-
ground drainage of the Rio Zacapa with an estimated length >9 km. To a
lesser extent, the limestone formation called Jaitique (Cenomanian and
late Cretaceous) also hosts many cave systems, among which are the
Taulabé Caves and the Siete Quebradas Cave, the second longest in
Honduras (Finch and Pistole, 2011).

Our research was conducted in the Talgua River basin, located in the
southwestern part of the Sierra de Agalta National Park, northeastern
Honduras (Fig. 1a). The basin covers an area of 85.3 km? and belongs to
the Patuca River basin, which drains to the Caribbean Sea. The Talgua
River basin has an average slope of 13.7 %, with elevations ranging from
550 to 2190 m a.s.l. (Fig. 1b and c). In the headwaters, there are three
low order streams: Agua, Seco, and Pinabetal (Fig. 1c). Overall, the
hydrographic network has a dendritic morphology composed of streams
and sub-surface rivers (Saravia-Maldonado et al., 2024). The lithology
of the upper area consists of sedimentary rocks like limestone, marl,
dolomite, and calcareous rocks from the Cretaceous and Quaternary
periods (e.g., Yojoa Group), overlain by shallow dark brown Rendzina
clay. The lower basin, which drains into the Olancho Valley, consists of
Quaternary-period continental and marine sediments (Dixon et al.,
1998; Michelle-Warner, 2016). Soils are well-drained and formed over
limestone or marble. Rock outcrops and cliffs are frequent, and they are
located on steep terrain with slopes greater than 60 %.

On the northeastern bank of the Talgua river lies the Talgua Caves, a
cavern system developed within the Atima Formation, a mid-Cretaceous
(Aptian-Albian) carbonate unit that extends from the Guatemalan
border in the west to the Nicaraguan border in the east. (Finch and
Pistole, 2011). These karst zones are related to the occurrence of sub-
terranean rivers, which disappear or emerge from the catchment slopes,
with flows reaching up to 2 m3/s (Reyes-Sandoval and Serrano-Ro-
driguez, 2021. Fig. 1d). In the Talgua River basin, most groundwater
resources comprise moderately to highly productive local aquifers
compared to other groundwater systems in Honduras (60-80 m>/min,
Ochoa-Alvarez et al., 1989). These characteristics are translated into
abundant water resources for agricultural activities in the lower valley.
In the altitudinal gradient of the Talgua River basin, land use consists of
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Fig. 1. a) Geographic location of the Patuca basin in northeastern Honduras, Central America. b) Location of the Talgua River basin and the Sierra de Agalta National
Park in the Patuca basin. c¢) The elevation profile of the Talgua River basin (in m a.s.l.) including the corresponding stream network (blue lines). Sampling sites for
stream water (red circles), cave infiltration (purple circle), groundwater (yellow circles), and precipitation (blue circle) are also shown. d) Main lithological char-
acteristics of the Talgua River basin showing the area of karst phenomena (~60 %, 51.2 km?). Land use consists of forest cover (72 %, 61.4 km?), pastureland, and
crops (21 %, 17.9 km?), with lesser urbanized areas near the municipality of Catacamas (Olancho Department). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

forest cover (72 %), pastureland, and crops (21 %), with lesser urbanized
areas near the municipality of Catacamas (Olancho Department). In the
mid-to-lower section, the vegetation cover has been cleared for cattle
ranching and subsistence farming. In the upper part, the soil is covered
by broadleaf forest with agricultural frontier areas that have been
cleared to establish coffee farms (Reyes-Sandoval and Serrano-Ro-
driguez, 2021).

The climate of northeastern Honduras (tropical wet and dry/savanna
climate, Aw; Kottek et al., 2006) is characterized by a moisture inflow
controlled by cold fronts and trade winds from the Caribbean and Gulf of
Mexico in an east-to-west prevailing direction, from December until the
onset of the rainy season in April-May. In July and August, the
mid-summer drought (also known as ‘Canicula’) reduces rainfall over
the region. Then, from September to November, the Intertropical

Convergence Zone (ITCZ) activity and tropical eastern waves, along
with the most intense period of the hurricane season, greatly contribute
to the moisture input and rainfall generation (Garcia-Santos et al., 2021;
Sanchez-Murillo et al., 2019, 2020). The annual rainfall is ~1300
mm/year and ambient air temperature varies between 22 °C and 28 °C
throughout the year (Fig. 2). The climate is characterized by
well-defined dry and wet periods, resulting in the presence of very
humid subtropical and low montane subtropical (Saravia-Maldonado
et al., 2024) biomes.

2.2. Sampling methodology

Rainfall stable isotopes data were composed of daily samples (N =
223), collected between August 2019 and December 2023. We extended
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Fig. 2. Climograph showing the monthly mean precipitation (MMP, blue bars)
and monthly mean temperature (MMT, red line) for Catacamas. Mean values for
both variables were calculated using records available at the Civil Aeronautics
Agency of Honduras (2004-2024). (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

our rainfall sampling period with respect to the surface and groundwater
sampling duration to estimate the local meteoric water line (LMWL) for
the Talgua River basin. Rainfall samples were collected using a passive
rainfall collector (Palmex Ltd., Croatia; Groning et al., 2012) installed at
362 m a.s.l (Latitude: 14.834°, Longitude: 85.846°). Due to logistical
and security limitations preventing access to a sampling location at the
Talgua River headwaters, rainfall samples were only collected at Uni-
versidad Nacional de Agricultura in Catacamas. Thus, our study was
carried out under the assumption that Catacamas rainfall isotopic data,
while altitudinal offset, still provides representative regional data input
for our analysis. Rainfall samples were collected every morning at 07:00
(—06:00 GMT) to minimize the risk of isotopic alteration before analysis,
particularly in samples exhibiting a high water-to-air ratio in the Palmex
bottle or those subject to high ambient temperatures.

Surface water and groundwater samples were collected across an
elevation gradient from ~350-600 m asl to capture the isotopic vari-
ability throughout different land uses and karst-dominated areas in the
Talgua River basin (Fig. 1d). Weekly samples were collected in surface
and groundwater reservoirs within the Talgua River basin between
September 2020 and February 2023. However, monthly sampling was
conducted during the dry season due to the intermittence of some
streams in the Talgua River basin. Surface water samples were manually
collected at four sampling points along an altitudinal transect: i) Pina-
betal (N = 75, Latitude: 14.905°, Longitude: 85.873°, 519 m a.s.l.), ii)
Seco (N = 79, Latitude: 14.910°, Longitude: 85.881°, 582 m a.s.l.), iii)
Agua (N = 77, Latitude: 14.911°, Longitude: 85.879°, 566 m a.s.l.), and
iv) the Talgua river (N = 181, Latitude: 14.899°, Longitude: 85.873°,
494 m a.s.l.). Groundwater samples were collected from two wells (N =
14, 5 m depth, Latitude: 14.829°, Longitude: 85.845°, 357 m a.s.l. and N
=10, 22 m depth, Latitude: 14.828°, Longitude: 85.842°, 354 m a.s.L.).
Given the average water table depth in the Talgua River basin (5 m), the
5 m well was classified as shallow groundwater and the 22 m well as
deep groundwater. We also collected water samples of the karst infil-
tration in a closed cavern system (hereafter cave infiltration, N = 107,
Latitude: 14.900°, Longitude: 85.873°, 503 m a.s.l.). We consider this
karst infiltrating water as a proxy the water entering the phreatic zone
through the soil profile and the carbonate bedrock and a good indicator
of high and fast infiltration capacity of the thin soil cover and the epi-
karst (Jukic¢ et al., 2021; Williams, 2008). Precipitation amount was
continuously monitored using a weather station installed at the Civil
Aeronautics Agency of Honduras (Latitude: 14.838°, Longitude:
85.873°, 391 m a.s.l.) under the administration of National Center for
Oceanographic, Atmospheric, and Seismic Studies (CENAOS) and the
Permanent Contingency Committee (COPECO). Weather variables were
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available at 30-min resolution between January 2004 and November
2024. We used this extended 20-year record period to perform a robust
characterization of the long-term climate conditions for the Talgua River
basin.

2.3. Laboratory analysis

Samples were analyzed at the Stable Isotopes Research Group labo-
ratory at Universidad Nacional (Heredia, Costa Rica) using an IWA-45EP
water analyzer (Los Gatos Research, Inc., California, USA) with a pre-
cision of +£0.80 %o for §°H and +0.08 %o for §'%0 (1o0; 5 injections).
Isotopic reference materials (RMs), USGS45 (5°H = —10.30 + 0.4 %o,
5180 = —2.238 + 0.011 %o; US Geological Survey, Reston, VA, USA),
USGS47 (82H = —150.2 + 0.5 %o, 51%0 = —19.80 + 0.02 %0; US
Geological Survey, Reston, VA, USA), and secondary standard PGW
(8%H = —52.64 + 0.26 %o, 580 = —8.196 + 0.080 %o) were used to
normalize the results as well as to assess the quality and drift control
procedures. Each RM was measured in duplicate at the beginning and at
the end of each daily group of analyses. 120/1°0 and 2H/'H ratios are
presented in delta notation & (%o or parts per thousand), relative to the
VSMOW-SLAP scale (Skrzypek et al., 2022). Long-term 8%H and §'%0
precisions are 0.29 %o and 0.08 %o, respectively. The deuterium excess
was calculated as d-excess = 5°H — 8-5'%0 (Dansgaard, 1964). The
line-conditioned excess (LC-excess) was calculated using the LMWL as a
reference (Landwehr and Coplen, 2006). The LC-excess is defined as
follows:

Ic-excess = §°H — ax8'%0 — b D)

where a and b represent the slope and intercept of the LMWL. The un-
certainties of d-excess and LC-excess are 0.65 %o and 0.68 %o, respec-
tively. These values were estimated based on the precision of the isotope
analysis and slope of the LMWL (Froehlich et al., 2001; Liu et al., 2022).

2.4. HYSPLIT backward trajectories

We computed backward trajectories up to 72 h prior to the precipi-
tation events using the Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT) with Global Data Assimilation System (GDAS) 1°
input data (Stein et al., 2015). Air mass trajectory analysis was carried
out between August 2019 and November 2022 to analyze the atmo-
spheric conditions prevailing during the dry and wet season conditions.
The 72 h-time window was selected to estimate representative moisture
transport history with an acceptable accuracy. We followed a two-step
process for the trajectory calculations (Fleming et al., 2012): First,
fixed endpoint heights between 500 and 2500 m above ground were
assessed and in a second step a linear model of their vertical levels
against air temperature was used to interpolate and identify the 0 °C
isotherm (i.e., the level where precipitation is expected to be formed).
To decrease the trajectories’ uncertainties and improve the interpreta-
tion, given the absence of available information regarding the cloud
base height for our study site, a total of 510 trajectories were calculated
for 170 rain events at three different heights (700, 1,000, and 2500 m
above ground). It is worth noting that our backward trajectory analysis
was carried out during a study period was mostly featured by La Nina
and neutral conditions.

2.5. Data analysis

We used the k-means algorithm to perform a cluster analysis using
the HYSPLIT backward trajectories. The clustering process was applied
to identify trajectories with similar geographical origins and to inves-
tigate if a similar origin could have significantly influenced the isotopic
composition of precipitation. Each cluster has a center (centroid) that is
the mean value of all the points in that cluster. K-means locates centers
through an iterative procedure that minimizes distances between indi-
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vidual points in a cluster and the cluster center. Lloyd’s algorithm with
squared Euclidean distances was applied to compute the k-means clus-
tering for each k. The Calinski-Harabasz criterion was used to assess
optimal number of clusters (Sadeghi, 2025). The Calinski-Harabasz
criterion is defined as:

SSB N-—k

sSW k-1 @
where, SSB is the overall cluster variance, SSW is the within groups
cluster variance, K is the number of clusters, and N is the number of
observations (170 sampling dates/events at three altitudes in a total of
510 trajectories). The selected variables for cluster analysis were ALat
(final latitude of trajectory-latitude of sampling point), ALong (final
longitude of trajectory-longitude of sampling point), the trajectory angle
defined as o = arctan(ALong/ALat), the trajectory altitude (meters
above the ground), and a Boolean parameter, Signal (ALong), was
defined as ALong>0. Overall, selected algorithm picked the number of
clusters corresponding to the first local maximum of the Calinski-
Harabasz index. Thus, k-means algorithm was run for up to 25 clusters
if the first local maximum of the index was not reached for a smaller
value of k. The smaller number of k was the optimized number of
clusters identified with our method. Cluster analysis of trajectories
classified the moisture inputs with an error of 1 degree of latitude and 2
degrees of longitude.

Kruskal-Wallis non-parametric one-way analysis of variance on ranks
(Kruskal and Wallis, 1952) followed by the Dunn’s method (Dunn,
1961) was used to assess differences in the trajectory cluster. As for the
isotopic values (i.e., 6180, d-excess, and LC-excess) of water types,
pairwise comparisons were performed using the Dunn test and a Bon-
ferroni correction for multiple testing. We used simple linear regression
analysis (i.e., ordinary least squares or OLS) to construct the LMWL of
the study area (Craig, 1961). The slope and intercept of the LMWL are
reported with the corresponding standard errors. These parameters of
the LMWL were also used to identify the departure from equilibrium
conditions and the effect of kinetic fractionation processes in the iso-
topic composition of rainfall. The rainfall amount-weighted LMWL for
the Talgua River basin was also calculated for comparison (Hughes and
Crawford, 2012).

We evaluated groundwater recharge mechanisms using the empirical
relationship between rainfall and groundwater isotopic ratios (i.e., P/
GW isotopic ratios, Jasechko and Taylor, 2015). To better interpret these
P/GW isotopic ratios, the isotopic composition of rainfall and ground-
water were expressed in parts per million (ppm) of 80,/1°0 with respect
to the Vienna Standard Mean Ocean Water (VSMOW) based on the delta
notation definition:

160
sample
180
160
VSMOW

Here, (*%0/'%0)vsmow is defined as 0.0020052 (Camin et al., 2025).
Given the significant linear relationship between 5180 and 8%H, the
empirical relationship was only evaluated using '%0/!°0 ratios
(Sanchez-Murillo and Birkel, 2016).

To quantify relative seasonal contributions of diffuse and focused
recharge in the Talgua River basin, we applied a single isotope mass
balance based on LC-excess as follows:

sfo= —1 |*1000 3

lc-exgw = fprXIC-€X caye + frrXIC-€Xrgingan ()]

where fpgr and fpg are the fractions of diffuse recharge from deep soil
water (i.e., cave infiltration) and focused recharge directly from pre-
cipitation to groundwater (%), respectively (Li et al., 2024; Xiang et al.,
2019). In Equation (4), lc-exgw, lc-€Xcave, and lc-eXpainfanl are the
LC-excess of groundwater, cave infiltration (i.e., which mostly
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comprises the soil cover, the epikarst and the vadose zone; Jukic et al.,
2021), and rainfall, in that order. We assume that cave infiltration
mostly reflects diffuse recharge slowly entering the phreatic zone
through the soil cover and the fracture and matrix permeability of the
underlying carbonate bedrock. Under the assumption that fpg + frg = 1
and lc-eXpainfanl ~0, the fraction of diffuse recharge (%) was estimated
using the following equation (Li et al., 2024):

lC-exGW
" lc-eXeaye

for (5)

The calculations of fpg and fpg are reported with the corresponding
probable error range (PER). The relative errors of lc-exgyw and lc-exgy,
estimated as one standard deviation, were combined using the root
mean square method (Topping, 1972).

3. Results

3.1. Isotopic temporal variability in rainfall, surface waters, and
groundwater

As for most years in northeastern Honduras, ambient temperatures
showed small monthly variations (Fig. 2) with a mean annual temper-
ature of 29.8 + 1.4 °C estimated for the period 2004-2024. Rainfall was
unevenly distributed throughout this study period, and a strong sea-
sonality was recorded (Figs. 2 and 3d). A mean annual precipitation
(MAP) of 1187 + 587 mm was registered, of which 87 % occurred be-
tween May and November (Fig. 3d). The local meteoric water line
(LMWL) estimated for the Talgua River basin was described as: 5°H =
7.68 + 0.08-5%0 + 9.47 + 0.42 (2 = 0.97, p < 0.001, Fig. 3a). The
rainfall amount-weighted LMWL was very similar: §°H = 7.56 +
0.07-5'%0 +9.17 + 0.41, = 0.99, p < 0.001). As for groundwater and
surface waters, linear relationships between 580 and 5%H showed
slopes <8 and intercepts <10. The smallest slope and intercept were
estimated for groundwater (Fig. 3a). The mean 5'80 value of rainfall was
—2.77 %o and varied from —14.81 %o to 3.65 %o (Table 1 and Fig. 3b).
Mean 8'80 values of groundwater and surface waters were —5.71 %o and
—5.93 %o, and fluctuated from —6.72 %o and —3.32 %o and from —10.67
%o and 3.05 %o, respectively (Fig. 3c).

Overall, rainfall isotope composition (i.e., 6180) exhibited a bimodal
pattern (W-shaped type) throughout the year (Fig. 3e). Significant var-
iations were recorded during the rainiest period (August to October)
related to low excursions with 5'80 values up to ~ —15 %o. Damped
temporal variations were also recorded in surface waters and ground-
water. Nonetheless, the seasonal variations with respect to the mean
5180 value estimated for September 2020 and February 2023 was
greater in groundwater than in surface waters, mostly during the dry
season (December-April) and the mid-summer drought. Significant
short-term variations in the isotopic composition of rainfall, surface
waters, and groundwater were also evident during the passage of trop-
ical cyclones (e.g., Hurricane Eta and Iota in November 2020 (Fig. 3e).
Mean d-excess in rainfall was 10.37 %o and fluctuated between —8.53 %o
and 22.60 %o (Fig. 3f). d-excess was slightly higher in the dry season
(11.51 %o) than the rainy season (9.93 %o). The LC-excess values showed
greater variations in surface waters than in groundwater and system-
atically followed the precipitation inputs with higher LC-excess values
during the wet season and lower LC-excess values during the dry season.
Unlike the 3'®0 values variations in both water types, seasonal varia-
tions with respect to the average LC-excess was greater in surface waters
than in groundwater.

3.2. Air mass back trajectory provenance

The air mass back trajectories within the study area are shown in
Fig. 4a. Cluster analysis allowed us to classify the atmospheric moisture
inputs to the Talgua River basin into two categories: long-range Carib-
bean air masses (Clusters A and B, ~89 % frequency, Fig. 4a) and short-
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rainfall, surface water, groundwater, and cave infiltration is shown in
Fig. 5 and Table 1. This evaluation was useful to contrast the spatial
partitioning of the rainfall input into the surface water and groundwater
systems. Mean 5'80 values of Pinabetal, Seco, and Agua streams (i.e.,
headwaters) were ~ —5 %o. In the Talgua river, the mean 5'%0 value was
—6.19 %o (Table 1). The range of 5'80 values were similar in the
headwaters and the Talgua river with values between —10.67 %o and
—3.65 %o. As for shallow and deep groundwater, mean 580 values were
between —6.19 %o and —5.63 %o. The isotopic composition of cave
infiltration was also like the headwaters with a mean value of —5.80 %

(Table 1) but showed less variation as they were between —3.32 %o and
—5.85 %o (Table 1). Mean d-excess values of headwaters and the Talgua
river were between 15.04 %o and 16.70 %0, whereas the mean d-excess
values of shallow and groundwater were 12.21 %o and 13.87 %,
respectively (Table 1). The mean d-excess value of cave infiltration was
like the headwaters with mean values between 15.62 %.. The overall
variations in d-excess were also similar in the headwaters and cave
infiltration (from 2.25 %o to 22.87 %o), whereas in the Talgua river, d-
excess varied from 8.59 %o to 23.52 %.. Groundwater d-excess varied
from 2.42 %o to 16.66 %.. The LC-excess values followed similar
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variations as the d-excess (Table 1). Mean LC-excess values were higher
in surface waters (headwaters and the Talgua river, 3.47 %0—5.26 %) and
cave infiltration, while shallow and deep groundwater showed lower
means (0.74 %0—1.21 %o). Variability was also greater in surface waters
and cave infiltration (—2.51 %0-11.92 %o) than in groundwater (—2.52
%0-4.99 %o). Rainfall had significantly higher 5'0 and lower d-excess
compared to surface waters and groundwater (p < 0.001). Surface wa-
ters and cave infiltration had lower 580 but higher d-excess than
shallow and deep groundwater (p < 0.05-0.001). Overall, LC-excess
values were significantly greater in surface waters and cave infiltra-
tion than in groundwater across the Talgua River basin (p < 0.01).

3.4. The relationship between monthly rainfall and groundwater 580
ratios

A clear relationship between the monthly isotopic composition of

rainfall and groundwater was identified with rainfall '%0/1%0 ratios >
groundwater 180,160 ratios (F ig. 6a). The mean P/GW ratio estimated
for the Talgua River basin is 1.0020 + 0.0027 (Fig. 6a). This value was
calculated based on the amount-weighted rainfall isotope composition
(average value: 3.58 %o or 1998 part per million in 1%0/!°0) and the
mean isotope composition of groundwater (i.e., shallow groundwater,
deep groundwater, and cave infiltration, —5.53 %o or 1994 part per
million in 80/!60). Despite the temporal variation of 5180 ratios in
groundwater shown in Fig. 3e, P/GW ratios are predominantly related to
values > 1. As shown in Fig. 6b, variations in LC-excess values in
groundwater with respect to groundwater 80/1%0 ratios showed an
indirect proportional relationship (i.e., lower LC-excess values were
found in groundwater enriched in ‘20). However, this isotopic enrich-
ment is not seasonally well-established, and it seems to be restricted to
short-term variations in rainfall amounts, mostly during the dry season
and after extended periods of reduced rainfall inputs (Fig. 3d and e).
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Based on the LC-excess values of cave infiltration and groundwater, we
estimated the relative contributions of focused recharge (via preferential
flow paths) and diffuse recharge to total recharge. During the dry sea-
son, focused recharge was the dominant source, contributing 99.6 + 1.8
%, while diffuse recharge contributed only 0.4 + 17.3 %. In the wet
season, the contributions were more balanced, with focused recharge
contributing 55.3 + 36.9 % and diffuse recharge contributing 44.7 +
29.8 %.

4. Discussion

4.1. Moisture sources and evolution assessment from surface water and
groundwater isotopes

Our study period was mostly featured by La Nina and neutral con-
ditions, with a strong La Nina developing between October 2021 and
January 2023. Overall, colder waters in the Pacific Ocean allowed the
intensification of easterlies (Caribbean Low-Level Jet, CLLJ) and an in-
crease in the long-range moisture transport from the Caribbean basin to
the isthmus (Duran-Quesada et al, 2017). This mechanism would
naturally maximize the flux and convergence of Caribbean moisture
onto the Caribbean slope of Honduras. The observation of 89 % Carib-
bean source contribution during our La Nina-dominated period likely
represented a maximum or near-maximum state for the basin’s moisture
budget. In turn, El Nino is associated with the inverse impact on Central
American hydroclimatology. It typically leads to drier-than-average
conditions, due to a weaker CLLJ and increased vertical wind shear
over the tropical North Atlantic, which suppresses convective activity
and tropical cyclone formation (Amador, 2008; Sanchez-Murillo et al.,
2016). Under these conditions, the relative contribution of other sources
(11 %) like local evapotranspiration would see a relative increase,
becoming a more significant component of the total precipitation
budget.

The overall predominance of Caribbean air masses was related to
inputs of trade-wind orographic rainfall, which were indicated by the
isotopically enriched rainfall at the Talgua River basin with high 520
values (Guswa et al., 2007; Sanchez-Murillo et al., 2020). The estimated
d-excess of ~10 %o for these rainfall events was also in agreement with
the generation of rainfall at ocean’s near-surface relative humidity (~85
%; Pfahl and Sodemann, 2014; Merlivat and Jouzel, 1979). The slope
and intercept parameters of the LMWL of the Talgua River basin aligned
with the GMWL (Craig, 1961, Fig. 3a) and it is like the LMWL estimated
for the Caribbean slope of Central America (slope = 7.98, intercept =
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9.49; Sanchez-Murillo et al., 2020).

Conversely, contributions of short-range air masses from the Gulf of
Mexico, the Yucatan Peninsula, and the Pacific Ocean were mostly
registered during the wet season. These rainfall inputs were character-
ized by lower 5'80 values and high d-excess. The significant difference
between the d-excess of rainfall, surface water, and groundwater, sug-
gested a substantial incorporation of recycled moisture (e.g., evapo-
transpiration fluxes). This significant water input has been also
identified in mountainous areas of Costa Rica (Esquivel-Hernandez
etal., 2019; Guswa et al, 2007; Iraheta et al., 2021). The rainfall isotopic
variability in the Talgua River basin corresponded with the influence of:
i) significant rainfall generation due to the influence of cold fronts
during the strongest period of NE trade winds (December-February) and
ii) convective rainfall as result of a stronger activity of the ITCZ, eastern
waves, and weaker NE trade winds during the wet season, which
allowed the formation of rainfall events fed by evapotranspiration fluxes
(Garcia-Santos et al., 2021; Sanchez-Murillo and Birkel, 2016).

The propagation of the isotope composition of rainfall into the sur-
face water and groundwater in the Talgua River basin confirmed com-
plex interactions between moisture sources and hydrological processes
in this karst region. Greater attenuation of the rainfall isotope compo-
sition in groundwater than in surface water may reflect complex water
interactions with the karst system as water percolates downwards
through the weathered carbonate bedrock immediately beneath the soil
layer. Those zones are dominated by transmission rather than storage,
delivering recharge to the saturated or phreatic zone (Li et al., 2024;
Williams, 2008). The relationship between 580 and §°H showed a
smaller slope and intercept in groundwater compared to surface waters,
which may also be a result of complex hydrological interactions. This
key difference initially suggests that groundwater recharge is controlled
by matrix flow that is subject to evapoconcentration effects. In contrast,
surface waters are part of a large porosity karstic system that allows
rainfall to bypass extensive soil interaction.

Evaporation usually decreases the LC-excess during recharge in slow
infiltration processes and significant low LC-excess values indicate
strong evaporation effects (Landwehr and Coplen, 2006; Sprenger et al.,
2017). However, temporal variations of 580 and LC-excess in ground-
water in the karst system did not show significant evaporation effects in
groundwater during water transit in the Talgua River basin. Thus, these
temporal isotopic variations indicated that, depending on the capacity of
the karst voids and the rainfall intensity, amounts of water rapidly
flowed towards the phreatic zone via preferential flows (Jukic et al.,
2021; Li et al., 2024). This fast recharge phenomenon was also evi-
denced by the strong variations of 5'%0 in groundwater after drier pe-
riods, related to recharge from direct rainfall and faster water transit
times with less mixing (Kirchner et al, 2010; Sanchez-Murillo et al.,
2025). Therefore, despite the 5'0-5%H slope of groundwater suggesting
minor evaporation occurred, the strong evidence from high LC-excess
values shows that fast, focused recharge is the main mechanism water
recharge the local groundwater system.

The variability of LC-excess may also be useful to identify karst water
that interacted with recent precipitation, surface water, and then
transferred to basin groundwater. It is also a proxy of the relationship
between diffuse recharge from soil water in the connected porosity and
focused recharge directly from precipitation via preferential paths
(Clark and Fritz, 1997; Hartmann et al., 2014; Hao et al., 2023). The
overall similarity between the LC-excess of surface water at different
elevations and the LC-excess of cave infiltration (~4 %o, Fig. 5¢) also
confirmed major contributions from focused recharge via preferential
flow paths which are modulated by the rainfall variability. Even though
LC-excess values in groundwater were lower than in surface water and
cave infiltration, the overall difference is relatively small which addi-
tionally suggested that recharge occurred by rapid infiltration with little
evaporation prior to recharge and fast water transit times. Such high
infiltration rates were also observed in karst systems because surface
water quickly enters the subsurface through sinkholes, fractures, and
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conduits in the underlying bedrock. (Ding et al., 2020; Guo et al., 2018;
Li et al., 2024).

4.2. Isotope-inferred groundwater recharge mechanisms

The comparison of the isotopic composition of groundwater and
rainfall can be applied to estimate recharge in tropical karst aquifers and
to assess recharge mechanisms with respect to the seasonal distribution
of rainfall (Jasechko and Taylor, 2015; Jones and Banner, 2003). In the
Talgua River basin, isotopic variations in rainfall (e.g., §'%0 and
d-excess) were well transferred to the catchment karst water (i.e., cave
infiltration) and groundwater which suggest major contributions of
focused recharge via rapid conduit flows. The single-isotope mass bal-
ance, calculated based on LC-excess values, confirmed this predomi-
nance. This finding suggests that under non-saturated conditions (i.e.,
when more conductive karst structures like intermediate conduits and
voids are mostly empty), rainfall inputs are rapidly transferred to the
local aquifer system. In turn, under wet season conditions, the system
gets closer to diffuse conditions indicating a more balanced contribution
of the advection flow process (McGuire et al., 2002; Salas-Navarro et al.,
2018). Recharge was also seasonally biased to the more intense rainy
period. This was clearly indicated by: i) the systematic P/GW '80/10
ratios >1 during ~2 year period (i.e., higher 580 in rainfall than in
groundwater, Fig. 6a) and ii) high d-excess in surface water and
groundwater due to the substantial incorporation of recycled moisture
via convective rainfall during the stronger activity of the ITCZ and
eastern waves in the wet season. Jasechko and Taylor (2015) estimated a
precipitation threshold intensity decile (>80th) of ~170 mm/month for
significant groundwater recharge at the limestone aquifers of Barbados
and of ~310 mm/month (>70th decile) at the limestone aquifer of
Guam. Based on the long-term precipitation records available for Cata-
camas (Fig. 2), average monthly rainfall from May to November is 155
mm/month with a maximum value of 215 mm/month. These monthly
rainfall amounts are like the rainfall threshold estimated for these island
tropical karst aquifers and like other recent global-scale estimations of
diffuse groundwater recharge in karst areas (Jones and Banner, 2003;
Wan et al., 2024). However, the overall distribution of P/GW ratios,
relative to the amount-weighted mean and its uncertainty (1.0020 +
0.0027), indicates that during the dry season or drier-than-normal pe-
riods (e.g., MSD), local recharge can still incorporate water inputs from
rainfall events with intensities smaller than those registered during the
wet season. This also suggests the contribution of enriched orographic
rainfall from the Caribbean Sea to the local recharge.

The isotopic composition of groundwater can also serve as a proxy of
cumulative recharge to the aquifer systems. As for the Talgua River
basin, the high variability of 8'%0 in groundwater in comparison to
surface water may indicate that recharge rates may be spatially homo-
geneous across the catchment and higher rates are not necessarily found
at higher elevations. Recharge from surface water systems like Talgua
river may be also possible. The monthly variation of LC-excess with
respect to 180,160 ratios in groundwater (Fig. 6b) also showed no sea-
sonality and indicated low evaporation conditions, also reflecting spatial
homogenous and rapid recharge rates. In other karst systems, where
much larger and thicker karst structures can be found (e.g., Puerto Rico
and Slovenia), much longer groundwater flow paths and residence times
are reported. As for the Talgua River basin, the karst system seems to
display shorter flow components and more direct contact with the un-
derlying aquifer (Jones and Banner, 2003; Rusjan et al., 2019). How-
ever, further investigations may serve to identify the presence of more
complex karst in the Talgua River basin like dual-porosity structures,
where during heavier rainfall events, the more conductive karst struc-
ture controlled the system response, and the weathered porosity struc-
ture of the epikarst and vadose zone controlled the hydrogeological
response during drier periods (Hepach et al., 2024; Jodar et al., 2025).

The assessment of recharge response in karst aquifers to rainfall
gradients may help to predict how these systems will respond to
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changing climatic conditions and can inform adaptation strategies
(Dunkerley, 2020; Shen et al., 2022). Overall, variations in rainfall event
types have shown pronounced differences in runoff coefficients indi-
cating contrasting levels of hydrologic connectivity (Saavedra et al.,
2022). Sanchez-Murillo et al. (2025) identified the rapid propagation of
extreme rainfall events (i.e., tropical cyclones) and their isotopic
composition as clear isotope excursions in surface water and ground-
water in the Talgua River basin. During the influence of Hurricane Eta,
Iota, and Bonnie in 2020 and 2022, respectively, a significant increase in
the P/SW and P/GW 5'20 ratios (with values up to ~3) was evident in
the Talgua River basin, reflecting the dominant contribution of strong
convective rainfall, a clear deviation from baseflow isotope composi-
tions, and significantly different than the amount-weighted mean P/GW
estimated this study.

4.3. Implications for future water resources management in the Talgua
River basin

Our findings are relevant to establishing management strategies to
protect water quality in the Talgua River basin given the ongoing land-
use changes, such as deforestation and tillage, which can increase soil
erosion over the karst environment. We consider these new insights
particularly useful for areas in the mid-to-lower section of the Talgua
River basin, where vegetation cover has been cleared for cattle ranching
and subsistence farming (Reyes-Sandoval and Serrano-Rodriguez,
2021). In these specific areas, the overall share of forest cover (72 %) to
pastureland and crops (21 %) is likely different from these average
values because of increasing land transformation for agricultural use.
The transformation of forests into croplands and pastures in the Talgua
River basin may fundamentally change the basin’s hydrological cycle by
changing how water partitioned and infiltrated. The primary effect is a
significant reduction in evapotranspiration, as the shallow roots of crops
and pastureland cannot match the high-water uptake and interception of
deep-rooted forest trees (Jasechko et al., 2014; Kirchner et al., 2020).
Thus, it is essential that local authorities protect the upper part of the
basin, where soils are still covered by broadleaf forest, and prevent the
expansion of agricultural frontier areas that have been cleared to
establish crops like coffee farms.

Removing forest covers may also accelerate soil compaction from
agriculture, which subsequently could cause an increase in surface
runoff and a reduction in the soil’s capacity for diffuse infiltration (Peng
and Wang, 2011; Toohey et al., 2017). Depending on the intensity of
rainfall and the saturation excess runoff phase in the karst permeable
structures, faster runoff and concentrated input to the karst conduit
network may cause a rapid hydrological response, resulting in higher
peak flows and an increased risk of flash flooding at springs and surface
outlets following rainfall. Other studies have reported that land use
changes lead to alterations in groundwater recharge, subsequently
causing a reduction of the flow discharge in the local springs, and a
decrease in baseflow (dry season flow), making water availability less
stable during dry periods (Bittner et al., 2018; Guo et al., 2018; Smith
et al., 2020). Diverse land-use gradients (e.g., agriculture, urban
development, natural forests) may also alter flow patterns and impact on
the water quality due to the introduction of a variety of potential con-
taminants into the groundwater system. Increasing rapid and focused
recharge of karst aquifers, which naturally lack filtration, means that
water quality is severely degraded due to the transport of high loads of
sediment, nutrients, and agrochemicals directly into the groundwater
system, greatly increasing the risk of contamination (Moreno-Gomez
et al., 2023; Reberski et al., 2021).

In karst aquifer systems, adaptation strategies may focus on the
implementation of managed aquifer recharge (MAR) techniques and a
more robust water quality protection (Levintal et al., 2022). However,
implementation of MAR techniques needs to consider many aspects (e.
g., heterogeneities in surface and/or subsurface characteristics, variable
groundwater qualities, recharge method, water recovery) which make
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the issues of site selection for MAR challenging (Zhang et al, 2020).
Thus, for karst systems in developing countries like Honduras, effective
and simple strategies, focusing on vulnerability reduction and
event-based management, are potentially better implemented. To
reduce the negative effects of ongoing land use changes in the Talgua
River basin, priority protection zones must be established immediately
around high-vulnerability features like sinkholes and losing streams,
strictly regulating land use, pollution sources, and infrastructure
development within these areas (Luo et al., 2019; Kidmose et al., 2023).
Moreover, effective protection may need a robust extreme event moni-
toring protocol, involving targeted and rapid-response monitoring of
physical variables like turbidity (i.e., a strong proxy for particulate
contaminants and pathogen transport, Fernandez-Ortega et al., 2023)
during and immediately following high-intensity rainfall, allowing for
timely and adaptive measures such as issuing public health advisories.
Furthermore, protecting the aquifer requires implementing better
land-use practices in recharge areas to reduce contaminant loads from
agriculture and strengthening wastewater treatment to safeguard the
water quality during the fast transport times characteristic of karst
systems (Jain, 2023; Levintal et al., 2022)

5. Conclusions

Our study provided essential insights into the hydrological processes
of the Talgua River basin, northeastern Honduras, revealing complex
interactions of moisture transport, rainfall generation, and the surface-
groundwater systems as well as the dynamic nature of water transport
and mixing within this tropical karst environment. The isotopic analysis
of rainfall in the Talgua River basin revealed a hydrological system
primarily influenced by Caribbean moisture, leading to isotopically
heavy rainfall (i.e., high §'%0 values) via trade-wind orographic rainfall
and depleted excursions (i.e., low §'80 values) but significant inputs of
recycled moisture from continental ET during the wet season. This
complex rainfall isotopic signal rapidly propagated into the karst sys-
tem’s surface water and groundwater, suggesting that focused recharge
via preferential flow paths (like conduits and fractures) is the dominant
mechanism, particularly during the intense rainy season. While soil-
water interactions cause a degree of isotopic attenuation and evapora-
tion effects in the groundwater, the overall small differences between
water sources confirm rapid infiltration and short water transit times,
consistent with a highly conductive, albeit potentially complex (e.g.,
dual-porosity), tropical karst aquifer. It is worth noting that our results
may be improved by expanding the rainfall sampling network to include
more stations strategically placed across the altitudinal gradient in the
Talgua River basin, ensuring continuous isotopic data collection.
Improvement may also be achieved by collecting groundwater samples
at different elevations and discrete depths (e.g., shallow epikarst, in-
termediate conduits, and deep phreatic zones) within the karst-
dominated areas. Moreover, HYSPLIT backward trajectories analysis
should be applied comparatively to both ENSO warm phases (El Nino)
and cold phases (La Nina) to better identify moisture source regions and
transport mechanisms. Future studies may also implement other envi-
ronmental tracers (e.g., hydrochemistry, fluorescent dyes) and age
dating techniques (e.g., tritium, CFCs) alongside a depth-specific
groundwater sampling network.

This comprehensive isotopic assessment not only improved our
knowledge of groundwater recharge characteristics in tropical karst
regions but also provided useful baseline information for future
research. These insights can be essential for developing effective water
management and protection strategies in the Talgua River basin, espe-
cially given the recent changes in land use (including the conversion of
primary forests to coffee plantations and degraded pastures) which
require urgent attention as they may limit the basin’s capacity for water
production due to the key role water vapor recycling plays in generating
rainfall in the Talgua River basin. Moreover, our findings underline a
critical challenge in tropical karst environments like the Talgua River
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basin: while rainfall is essential, intense rain events contribute less
effectively to the long-term recharge of groundwater systems. This rapid
flow may have severe negative impact on water quality and accelerate
soil erosion. This process may also facilitate the immediate transport of
surface contaminants into groundwater sources, thus increasing the risk
of both flash flooding and sporadic water quality crises.
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