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Abstract

The dynamics of methane (CH4), nitrous oxide (N2O) and carbon dioxide (CO2) in ground-
water have rarely been investigated. As dissolved gases they may be transported to distant
sites and, hence, to the atmosphere. Crumps Cave (CC) is located on a perched aquifer in
south-central Kentucky. Water was sampled at a waterfall within the cave located 15 m
below the surface, at two adjacent surface wells 15 m and 50 m deep, providing samples
from the epikarst and regional aquifer, respectively. Dissolved gases and geochemistry
parameters were analyzed for seasonal changes across three years of weekly monitoring
(2015–2017) using Kruskal–Wallis H tests and Bonferroni-corrected pairwise comparisons.
Dissolved CO2 concentrations are mainly controlled by percolation through the epikarst,
influenced by soil respiration, and vary with rainfall and seasonal temperature fluctuations.
CH4 showed a site-dependent pattern: concentrations were significantly elevated in warm
seasons at the shallow and deep wells, where anaerobic conditions and agriculturally
derived organic matter promote methanogenesis; no seasonal variation was detected at the
cave site, where oxic conditions limit CH4 year-round. N2O was significantly elevated in
cold seasons at all three sites, driven by cold-season denitrification of agriculturally derived
nitrates. N2O did not differ between sites, indicating seasonal temperature-driven denitrifi-
cation as the primary control rather than site hydrology, with cold-season denitrification
of agriculturally derived nitrates from fertilizer application. Indirect gas emissions are
characteristic of karst systems and may be transported or stored in aquifers through
complex interactions of groundwater recharge, microbial activity, and seasonal land-
use variability.

Keywords: carbon dioxide; greenhouse gases; karst; latent emissions; methane; nitrous oxide

1. Introduction
Greenhouse gases (GHGs) in the atmosphere are primarily caused by natural phe-

nomena, with CO2, CH4, and N2O being the most abundant natural gases of concern [1–3].
While these gases are ubiquitous in nature, humans have increased their concentration in
the atmosphere by activities such as deforestation, burning hydrocarbon reserves, fertilizer
application and melting of permafrost [4].
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The agricultural sector’s contribution for direct GHG (DGHG) emissions accounts for
9.4% of the total U.S. GHG emissions [5]. Fertilizer application, crop production, and animal
excretion are responsible for 75% of the total N2O emissions [5]. In addition, cultivation
aerates the soil and degrades OM that may increase carbon flux to the atmosphere [6].
Best management practices (BMPs) may reduce GHG impacts with proper management
of soils, which can sequester CO2 by increasing organic material, potentially turning a
carbon source into a carbon sink [6]. Nitrogen fertilizers may be leached from the soil
and enter the groundwater where it can transform and becomes a dissolved form of N2O;
dissolved N2O will eventually surface and degas, emitting N2O into the atmosphere [7,8].
Anthropogenic activities are responsible for up to 12% of CH4 emissions, while agricultural
land use accounts for 25% of these emissions [5,9]. The major sources of CH4 production
in the agricultural sector are domesticated ruminant livestock, producing CH4 through
enteric fermentation and manure treatment lagoons.

Best management practices (BMPs) govern the rate and timing of how organic and
inorganic fertilizers are applied, because fertilizers dissolve in the bulk soil, and the
amount of GHG produced will be influenced by the weather and timing of application [10].
In order to reduce GHG emissions in the agricultural sector, certain practices must be
followed [10–13]. These BMPs include, but are not limited to, matching fertilizer sources to
crop needs; using appropriate fertilizer rates; optimizing the application time of fertilizers
to coincide with plant uptake to avoid losses to air and water; and using an appropriate
nitrogen, phosphorus, and potassium (N-P-K) rate for supplying nutrients to plants. Con-
sistent and appropriate management and planning of fertilizer applications can appreciably
reduce GHG emissions.

Indirect GHGs (IGHGs), as defined, are dissolved GHGs that become entrained in
groundwater and may be transported through the subsurface and resurface at springs
or other surface water bodies some distance away, then subsequently be emitted to the
atmosphere [2]. Indirect GHGs are linked to groundwater recharge and transmissivity
influenced by rainfall variability, which is considered the primary medium for the transport
of these gases into larger bodies of water. Furthermore, IGHGs are now being studied as a
neglected component of GHG emissions and should be included in quantifying the overall
GHG budget.

Soil at the site of root respiration will host diverse microbial populations that are
a primary source of GHG emissions and, thus, contain a higher concentration of these
compounds than the atmosphere. Dissolved GHGs are increasingly important parameters
to measure for the determination of their influence on groundwater in biogeochemical en-
vironments [2]. Ref. [14] states that indirect N2O emissions are a quantitatively recognized
component of total N2O emissions related to agricultural practices. The Intergovernmental
Panel on Climate Change (IPCC) uses a default emission factor of 0.0025 for indirect N2O
emissions associated with groundwater. This indicates that for every part of N2O that
enters the groundwater, a portion (0.0025) of N2O enters the atmosphere. Dissolved CO2 in
surface water is also essential to the terrestrial carbon cycle by creating a pathway from
groundwater to the surface for the gas to travel [15]. Methane emissions from groundwater
to the atmosphere are substantial because of the precipitous concentration gradient of
dissolved CH4 between the atmosphere and water bodies [1].

Although GHG emissions are studied frequently in natural systems [16,17], espe-
cially concerning the carbon cycle, few studies have tried to delineate the fate of GHGs in
groundwater in karst environments. In these landscapes, the surface and subsurface are
interconnected, and GHG may be stored or transported through rapid and direct aquifer
recharge processes and later released downstream at springs. Perched karst aquifers, which
may be localized in scale, may be independent of regional aquifers and would require time
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and water movement to release the trapped GHG in the epikarst; this may generate storage
and transport of GHG in the system. Microbial populations may control whether karst
landscapes are net producers or sinks for GHG production, e.g., through methane synthe-
sis and/or catabolism and incomplete denitrification, due to fertilizers and agricultural
amendments (manure) reaching the subsurface [16]. Few studies have focused on whether
agricultural karst landscapes serve as a sink or source that influences the production of
GHG from nonpoint sources, as most only focus on the topsoil or root zones [16,17]. New
studies need to focus on the fate and dynamic pathways by which dissolved GHG may
be transported through the vadose zone and enter the groundwater, where they may be
mobilized and reintroduced to the atmosphere, to better understand how GHG concentra-
tions are affected by karst processes. It is important to expand the quantification of GHGs
by accurately assessing their movement and fate in karst environments toward improving
global GHG cycling estimates.

This study establishes a better understanding of the dynamics of GHGs in a karst
environment within an agricultural setting by using high-resolution geochemical and hy-
drological analyses over multiple growing seasons between September 2015 and September
2017. The results indicate a link between karst processes and indirect, dissolved GHGs
in karst groundwater systems under agricultural land use, which likely contribute to
atmospheric GHG quantities.

2. Materials and Methods
2.1. Study Overview

Crumps Cave, located in Smith’s Grove in northern Warren County, Kentucky
(Figure 1), is part of the Pennyroyal Plateau sinkhole plain. The cave is owned by Western
Kentucky University and encompasses several kilometers of mapped passages and multi-
ple in-cave waterfalls located approximately 25 m below the surface. The entrance is part
of a large one-hectare sinkhole with a nearly horizontal passage that measures on average
6 m tall and 18 m wide and is formed in upper St. Louis limestone with a roughly 2◦ dip to
the northwest [18]. The surface vegetation surrounding the cave consists of deciduous trees
and shrubs with diverse botanical flowering species and sub-tropic grasslands. The cave
floor is about 25 m from the surface on which agriculture practices occur. Regional aquifer
recharge lies within the Graham Springs groundwater basin and discharges at the Wilkins
Blue Hole in the Barren River [19]. Water samples are collected as water drains through
fractures and channels in the epikarst as a perennial waterfall (WF1) [20], which is located
40 m from the cave entrance and around 25 m below the surface, and is approximately
4.5 m in height, and at a shallow well (SW) at 15 m depth located above and adjacent to the
cave and a deep well (DW) at 50 deep, located approximately 5 m apart. Both wells are
25.4 cm in diameter and cased to bedrock in the shallow soil.

An array of methodologies was used to collect, process, and analyze samples that
originated from atmospheric and groundwater sources. Sampling occurred weekly between
30 September 2015, and 26 September 2017. A weather station south of the cave entrance
was used to collect data on precipitation, relative humidity, and temperature. Agricultural
production surrounds the cave and overlies the monitored waterfall, with various crop
rotation through the seasons that primarily includes corn and soybean.
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Figure 1. Study area map of Crumps Cave in Warren County, Kentucky, U.S.A., with sampling
locations of SW, DW, and WF1 indicated. Cave is in dark gray outline and not to scale. Red dot in
Kentucky inset is study area location. Scale is for primary map, not insets.

2.2. Field Sampling

Atmospheric GHG sample vials were prepared by using an evacuated 20 mL glass
vial crimped with a gray butyl rubber septum. Samples were collected in triplicate from
three different locations, at the surface, cave entrance, and near WF1, using a BD 60 mL
syringe with a 23-gauge needle. The syringe was primed by filling and extracting three
times to full capacity of the sampling air; thereafter, it was filled to 60 mL, where 35 mL
was vented to the atmosphere and 25 mL was injected through the septum into the vial.

For the collection of dissolved GHGs, 9.5 mL of 0.1 N HCl was added to a 20 mL glass
vial for each site in triplicate. Each vial was sealed using a gray butyl septum and placed
on a built apparatus that would displace the air with ultra-high purity helium. At each
sample site (DW, SW and WF1), a 0.5 mL of sample was injected through the septum using
a 1 mL syringe with a 23-gauge needle into each vial and shaken to make a homogenous
mixture [21].

On the surface, 1 L disposable well bailers (EcoBailer 78008, Forestry Suppliers, Jack-
son, MS, USA) were used to collect water samples from each well site, whereas grab samples
were obtained from WF1. Water samples were transferred into a 500 mL Nalgene (Fisher
Scientific, Pittsburgh, PA, USA), acid-washed, autoclaved bottle and placed into an ice-filled
cooler. At each sample site, 100 mL of sample was used to clean and fill the reservoir of a
YSI ProDSS (YSI Inc., Yellow Springs, OH, USA) water quality meter for determination of
the water chemistry. The accuracy of the ProDSS is given according to the manufacturer
for pH (±0.2 units), specific conductivity (SpC) (±0.001 uS·cm−1), temperature (±0.2 ◦C),
and dissolved oxygen (DO) (±0.1 mg·L−1). Along with the water sampling at WF1, an
EXO II data logger (YSI Inc., Yellow Springs, OH, USA) collected data every 10 min for pH
(±0.2 units), specific conductivity (SpC) (±0.001 uS·cm−1), temperature (±0.2 ◦C), and
dissolved oxygen (DO) (±0.1 mg·L−1), while pressure and temperature data within the
discharge bucket located underneath the waterfall were collected every 10 min by a HOBO
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U-20 data logger (Onset Computer Corp, Bourne, MA, USA). All water samples were
analyzed within a four-hour time frame of collection.

2.3. Meteorological Monitoring

Weather data were measured and recorded using a HOBO U-30 weather station
(Onset Computer Corp., Bourne, MA, USA) on the surface of CC at a 10 min interval.
Parameters monitored included temperature, relative humidity (RH), barometric pressure
(BP), rainfall (mm/10 min), and wind speed. Inside the cave, near the entrance, a HOBO
temperature/relative humidity datalogger collected data every ten minutes.

2.4. Sample Analysis
2.4.1. Greenhouse Gas Analysis

CO2, N2O, and CH4 concentrations from aqueous samples were analyzed via
headspace equilibration on a gas chromatograph (GC) (Varian CP-3800, Agilent Tech-
nologies, Santa Clara, CA, USA) that was modified to analyze greenhouse gases (RSC
Group LLC, Katy, TX, USA). In total, 1 mL of vial headspace sample was injected by syringe
and split by a switching valve, then transferred onto a 1.8 m × 1.6 cm column packed with
80/100 mesh Hay Sep Q (Varian Associates, Palo Alto, CA, USA) connected to a thermal
conductivity detector (TCD) (Varian Associates, Palo Alto, CA, USA) that operated at
120 ◦C for CO2 analysis. Another portion of the sample traveled from the TCD to a flame
ionization detector (FID) (Varian Associates, Palo Alto, CA, USA) at 275 ◦C for CH4 analysis.
A third and final portion of the sample was split and transferred onto a 1.8 m × 1.6 cm
Silicosteel column packed with 80/100 mesh Hay Sep Q (Varian Associates) connected to
an electron capture detector (ECD) (Varian Associates, Palo Alto, CA, USA) that operated
at 300 ◦C for N2O analysis. Quantification was performed by calibration using standards of
1000, 5.0, and 2.0 µg L−1 for CO2, with an additional standard of 203,000 µg L−1 included
for CH4 in N2, and a two-point calibration for N2O of 5.0 and 2.0 µg L−1 in N2 (Agilent
Technologies, Santa Clara, CA, USA). Calibration standards were run every 30 samples and
sample were all run in triplicate with the resulting data being the average of the three with
Relative Standard Deviation (%RSD) ≤ 5% for all samples. Dissolved gas and bicarbonate
concentrations were determined as previously described in [22], and all values are reported
as dissolved gas in solution in units of mM/L (CO2 and CH4) or µM/L (N2O), except for
the cave atmospheric CO2 data presented in ppmv.

2.4.2. Statistical Analysis

Data analysis was conducted across the dataset to derive means and standard devi-
ations (SDs) for physicochemical data and medians and interquartile ranges (IQRs) for
greenhouse gas (GHG) concentrations for each season and site. Two complementary statis-
tical approaches were used to evaluate seasonal and site-level differences in dissolved CO2

(mM), CH4 (mM), and N2O (µM) concentrations.
First, we tested for differences across the four individual seasons defined by common

solstice and equinox periods: spring (21 March–20 June), summer (21 June–20 September),
fall (21 September–20 December), and winter (21 December–20 March). Kruskal–Wallis
H tests (df = 3) were applied separately to each site–gas combination (nine tests total).
Effect size was quantified as η2 = H/(N − 1), interpreted as: small ≥ 0.01, medium ≥ 0.06,
large ≥ 0.14. Where the Kruskal–Wallis test was significant (α = 0.05), post hoc pairwise
comparisons were conducted using the Mann–Whitney U test (two-sided) with Bonferroni
correction across the six season pairs (α′ = 0.05/6 = 0.0083).

Second, to evaluate broader ecological patterns and improve statistical power, sea-
sons were pooled into two groups: warm season (summer + fall) and cold season
(winter + spring). Within each site–gas combination, warm and cold season concen-
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trations were compared using Mann–Whitney U tests (two-sided, α = 0.05). Effect size
for these comparisons was quantified using the rank-biserial correlation r, interpreted as:
small ≥ 0.10, medium ≥ 0.30, large ≥ 0.50. To assess whether GHG concentrations differed
between sites within each season group, Kruskal–Wallis H tests (df = 2) were applied
across the three sites for each gas–season group combination. Where significant, pairwise
site comparisons used Mann–Whitney U tests with Bonferroni correction across the three
site pairs (α′ = 0.05/3 = 0.017). Effect size for site-level Kruskal–Wallis tests was again
quantified as η2 = H/(N − 1). All analyses were performed in Python v3.14.6, OriginPro
v2024b, and SAS v15.4.

3. Results
3.1. Seasonal Physicochemical Variations

Annual rainfall was 1490.5 mm from 1 September 2015 to 30 September 2016 (15/16)
and 1148.2 mm from 30 September 2016 to 1 October 2017 (16/17), with two major recorded
rain events on 5 May 2016 and 12 May 2017. Discharge at WF1 was measured in liters
per second (L s−1) and baseflow was recorded at 0.013 L s−1. The highest discharge level
recorded was on 1 September 2017, at 11.319 L s−1. This high discharge was due to Hurri-
cane Harvey that produced 108.47 mm of precipitation within seven hours. The average
discharge at WF1 for 2015–2016 and 2016–2017 was 0.042 and 0.036 L s−1, respectively.
Annual average cave air temperatures near WF1 remained mostly stable at 12.56 ± 2.01 ◦C
during the study period.

Hydrologic variations at SW and DW were measured as depth in meters, since it was
not possible to measure discharge. Decreasing depth values indicate a rise in the water
table. Base level at SW and DW was recorded during 2015–2017 when rainfall was at a
minimum. SW had a base level of 16.28 m below the surface. At the highest level, SW
peaked at 5.75 m below the surface on 24 November 2015. The rise occurred from a rain
event that produced 27.14 mm two days prior. The average depth to the water table in SW
was 14.58 m below the surface. SW is thought to be on a perched aquifer in the epikarst,
approximately 15 m below the surface, that responds quickly to rain events. DW tends to
follow the regional water table gradient and rise and fall in elevation similar to the Barren
River, which flows around the City of Bowling Green, Kentucky, some 15 km to the south
and reaches a base level depth of 41.23 m below the surface. The highest level of DW
occurred on 20 December 2015, with a reading of 29.23 m when multiple rain events started
on 25 October 2015, and ended on 28 December 2015, producing 50.66 mm of precipitation.
Both SW and DW tend to lag in response to less extreme rain events compared to the faster
flowpaths recharging WF1 per the discharge data (Figure 2).

The hydrogeochemical dynamics reflected in Table 1 give an indication of each sam-
pling site as sampling progressed through each season. SW had the lowest recorded pH
value (5.1) in the winter months and WF1 had the highest (8.9), which also occurred in the
winter season. Waterfall and SW water temperatures during these extreme points were the
coldest on average at 10.6 and 11.7 (◦C), respectively.

At each site (WF1, DW, and SW), water temperature may have been a driving factor
for geochemical SpC and pH changes, as shown in Figure 1. As the water temperature
increases, movement of water molecules tends to be faster and can absorb more charged
ions—indicating a rise in SpC [23]. Peak temperatures reached 17.1, 18.6, 17.4 ◦C at WF1,
DW, and SW during the summer, spring, and fall, respectively (Figure 2). The corresponding
pH values were 7.22, 7.45, and 7.29, respectively, for WF1, DW, and SW. SpC values peaked
at 203, 431, and 643 µS cm−1, respectively. Water temperatures decreased for WF1, DW,
and SW to minimums of 4.4, 5.3, and 4.5 ◦C, respectively, and SpC values measured 163,
520 and 660 µS cm−1, respectively, while pH measured 8.19, 6.85, and 6.22, all occurring in
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the winter months. Extreme fluctuations in temperature do not occur often in south-central
Kentucky, due to mild winters and relatively low precipitation.

Figure 2. Geochemistry of WF1, DW, and SW. (A) WF1 had a 10 min resolution sampling. Both
(B) SW and (C) DW were sampled at weekly resolution.
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Table 1. Average water physicochemistry from each sampling site pooled by season for the duration
of the study.

Average Physicochemical Parameter Values

Temperature
(◦C)

Specific Conductivity
(mS cm−1) pH Average pH Range Turbidity

(NTU) Discharge (L s−1)

Spring 2

WF1 1 12.1 ± 0.27 210 ± 40 7.7 ± 0.45 6.9–8.3 1.27 ± 15.80 0.09 ± 0.28
Shallow Well 14.8 ± 1.45 510 ± 10 7.3 ± 0.63 6.1–8.4 ND ND

Deep Well 14.3 ± 1.74 370 ± 70 7.5 ± 0.66 6.2–8.4 ND ND

Summer 2

WF1 1 12.8 ± 0.65 380 ± 30 6.9 ± 0.22 6.7–8.3 0.27 ± 2.28 0.113 ± 0.58
Shallow Well 15.0 ± 1.02 630 ± 80 7.1 ± 0.32 6.4–7.7 ND ND

Deep Well 15.4 ± 1.03 530 ± 80 7.1 ± 0.49 5.8–8.0 ND ND

Fall 3

WF1 1 10.6 ± 1.55 380 ±70 7.6 ± 0.61 6.7–8.4 −0.04 ± 0.761 0.07 ± 0.19
Shallow Well 13.3 ± 1.65 680 ± 20 7.0 ± 0.41 5.8–7.4 ND ND

Deep Well 14.0 ± 1.93 560 ± 120 7.1 ± 0.36 6.0–7.7 ND ND

Winter 4

WF1 1 10.6 ± 1.95 180 ± 30 8.1 ± 0.12 5.9–8.9 0.19 ± 3.20 0.11 ± 0.022
Shallow Well 11.7 ± 2.31 540 ± 50 7.2 ± 0.76 5.1–8.3 ND ND

Deep Well 12.1 ± 2.39 310 ± 60 7.6 ± 0.67 6.1–8.4 ND ND

Note: NTU = Nephelometric Turbidity Units. 1 15 min resolution data represent the mean between 22,215 and
30,072 determinations ± standard deviation of the mean. 2 Data represent the mean of 27 determinations. 3 Data
represent the mean of 25 determinations. 4 Data represents the mean of 22 determinations ± standard deviation
of the mean for both shallow and deep well only. ND = No data, as turbidity and discharge were not able to be
measured for the wells.

3.2. Dissolved Greenhouse Gases

Each site yielded 101 observations (n = 303 total), distributed across four meteorolog-
ical seasons (spring, summer, fall, and winter) with 22–29 observations per site–season
cell. Because gas concentration data are typically right-skewed, all central tendency and
spread measures use medians and interquartile ranges (IQR = Q3 − Q1). Table 2 shows
the median of the three GHGs at each sampling site for each season. Dissolved CO2, CH4,
and N2O vary seasonally due to dynamic factors such as weather, soil respiration, and
anthropogenic processes. Water as a solvent entrains and transports more dissolved GHGs
into and through the soil profile and epikarst into the groundwater, where they may later
be emitted at remote sites. Seasonal medians and IQRs for each gas, site, and season
are reported in Table 2, and statistical test results comparing seasons are summarized in
Table 3. Pooled seasonal comparisons and site comparisons by season group are presented
in Tables 4 and 5.

Table 2. Seasonal dissolved greenhouse gas concentrations by site: medians, interquartile ranges, and
Kruskal–Wallis test statistics (2015–2017).

Spring Summer Fall Winter Kruskal–Wallis

Site Gas Median IQR Median IQR Median IQR Median IQR H p-Value η2

WF1 CO2 (mM/L) 1.60 0.76 4.59 1.42 3.35 3.62 1.42 0.55 62.31 <0.001 0.62

SW CO2 (mM/L) 1.83 1.14 3.29 1.20 3.68 1.56 2.05 1.33 33.99 <0.001 0.34

DW CO2 (mM/L) 2.26 0.66 4.21 1.42 4.87 3.56 2.01 0.96 55.8 <0.001 0.56

WF1 CH4 (mM/L) 0.02 0.02 0.03 0.07 0.03 0.02 0.03 0.03 5.43 0.143 0.05
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Table 2. Cont.

Spring Summer Fall Winter Kruskal–Wallis

Site Gas Median IQR Median IQR Median IQR Median IQR H p-Value η2

SW CH4 (mM/L) 0.03 0.04 0.21 0.31 0.50 1.62 0.13 1.34 19.73 <0.001 0.2

DW CH4 (mM/L) 0.06 0.13 0.27 0.52 0.51 0.96 0.04 0.07 32.53 <0.001 0.33

WF1 N2O (µM/L) 2.64 9.80 1.36 4.05 0.85 2.66 5.74 35.29 10.46 0.015 0.1

SW N2O (µM/L) 13.53 30.86 2.12 19.00 3.13 10.16 11.16 148.80 6.18 0.103 0.06

DW N2O (µM/L) 5.24 10.92 0.77 7.50 2.18 3.36 7.34 51.81 9.19 0.027 0.09

Note: Medians pooled across 2015–2017 (n = 22–29 per site–season). IQR = Q3 − Q1. Kruskal–Wallis H test
seasonal differences within each site–gas combination (df = 3); bold p-values indicate p < 0.05. η2 = H/(N − 1);
η2 = size effect as small ≥ 0.01, medium ≥ 0.06, large ≥ 0.14.

Table 3. Pairwise seasonal comparisons: Mann–Whitney U p-values (Bonferroni-corrected,
α′ = 0.0083) by site and GHG.

Site Gas Spr vs. Sum Spr vs. Fal Spr vs. Win Sum vs. Fal Sum vs. Win Fal vs. Win

WF1 CO2 (mM/L) <0.001 * <0.001 * 0.020 0.097 <0.001 * <0.001 *

SW CO2 (mM/L) <0.001 * <0.001 * 0.608 0.253 <0.001 * <0.001 *

DW CO2 (mM/L) <0.001 * <0.001 * 0.066 0.701 <0.001 * <0.001 *

WF1 CH4 (mM/L) 0.025 0.156 0.209 0.238 0.532 0.669

SW CH4 (mM/L) 0.007 * <0.001 * 0.017 0.015 0.937 0.174

DW CH4 (mM/L) <0.001 * <0.001 * 0.165 0.062 <0.001 * <0.001 *

WF1 N2O (µM/L) 0.231 0.241 0.084 0.768 0.007 * 0.004 *

SW N2O (µM/L) 0.350 0.376 0.188 0.971 0.047 0.024

DW N2O (µM/L) 0.145 0.350 0.175 0.341 0.006 * 0.020

Note: Two-sided Mann–Whitney U tests with Bonferroni correction (6 comparisons per site–gas; α′ = 0.0083).
Bold values with * are statistically significant. Spr = spring, Sum = summer, Fal = fall, Win = winter.

Table 4. Greenhouse gas concentrations by grouped season (warm: summer + fall; cold: winter +
spring) per site—Mann–Whitney U test results (2015–2017).

Warm Season (Sum + Fall) Cold Season (Win + Spr) Mann–Whitney U

Site Gas Median IQR n Median IQR n U p-Value r

WF1 CO2 (mM/L) 4.30 2.86 52 1.49 0.59 49 2395 <0.001 −0.88

SW CO2 (mM/L) 3.35 1.48 52 1.92 1.38 49 2123 <0.001 −0.67

DW CO2 (mM/L) 4.41 2.46 52 2.22 1.02 49 2360 <0.001 −0.85

WF1 CH4 (mM/L) 0.03 0.03 52 0.02 0.03 49 1482 0.159 −0.16

SW CH4 (mM/L) 0.30 0.73 52 0.05 0.33 49 1734 0.002 −0.36

DW CH4 (mM/L) 0.43 0.49 52 0.05 0.13 49 2080 <0.001 −0.63

WF1 N2O (µM/L) 1.00 3.72 52 3.94 14.60 49 871 0.006 0.32

SW N2O (µM/L) 2.63 13.18 52 12.24 33.38 49 964 0.035 0.24

DW N2O (µM/L) 1.60 6.26 52 5.24 14.71 49 894 0.010 0.30

Note: Medians pooled across 2015–2017. IQR = Q3 − Q1. Mann–Whitney U test (two-sided); bold p-values
significant at α = 0.05. r = rank-biserial correlation: small ≥ 0.10, medium ≥ 0.30, large ≥ 0.50. Positive r indicates
cold > warm; negative r indicates warm > cold.
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Table 5. Site comparisons within grouped seasons: medians, IQR, Kruskal–Wallis test, and Bonferroni-
corrected pairwise site p-values (2015–2017).

WF1 SW DW Kruskal–Wallis (Sites) Pairwise Site p-Values

Season
Group Gas Median IQR Median IQR Median IQR H p-Value η2 WF1 vs.

SW
WF1 vs.

DW
SW vs.

DW

Warm (Sum +
Fall)

CO2
(mM/L) 4.30 2.86 3.35 1.48 4.41 2.46 13.62 0.001 0.09 0.028 0.163 <0.001 *

Cold (Win +
Spr)

CO2
(mM/L) 1.49 0.59 1.92 1.38 2.22 1.02 22.94 <0.001 0.16 0.001 * <0.001 * 0.197

Warm (Sum +
Fall)

CH4
(mM/L) 0.03 0.03 0.30 0.73 0.43 0.49 63.68 <0.001 0.41 <0.001 * <0.001 * 0.300

Cold (Win +
Spr)

CH4
(mM/L) 0.02 0.03 0.05 0.33 0.05 0.13 16.18 <0.001 0.11 <0.001 * 0.001 * 0.555

Warm (Sum +
Fall)

N2O
(µM/L) 1.00 3.72 2.63 13.18 1.60 6.26 5.66 0.059 0.04 0.020 0.326 0.150

Cold (Win +
Spr)

N2O
(µM/L) 3.94 14.60 12.24 33.38 5.24 14.71 4.09 0.129 0.03 0.061 0.392 0.169

Note: Medians pooled across 2015–2017. IQR = Q3 − Q1. Kruskal–Wallis H tests site differences within each
season group (df = 2). η2 = H/(N − 1); η2 = size effect of small ≥ 0.01, medium ≥ 0.06, large ≥ 0.14. * Pairwise
site comparisons use Mann–Whitney U with Bonferroni correction (3 pairs; α′ = 0.017); bold p-values (K-W) and
those with * (Pairwise) are significant.

Table 2 and Figures 3–5 indicate that the production of CO2 increases in the warm
season due to higher rates of soil respiration at all three sites (Kruskal–Wallis: WF1
H = 62.31, p < 0.001, η2 = 0.62; SW H = 33.99, p < 0.001, η2 = 0.34; DW H = 55.80,
p < 0.001, η2 = 0.56), with large effect sizes throughout (Table 2). Pairwise comparisons
confirmed that summer and fall were each significantly higher than spring and winter at
all sites (all p < 0.001 after Bonferroni correction), while summer and fall did not differ
significantly from each other, nor did spring and winter (Table 3). When seasons were
pooled, warm season (summer + fall) CO2 was significantly higher than cold season (win-
ter + spring) at all sites (all p < 0.001), with large effect sizes (rank-biserial r = −0.88 at
WF1, −0.67 at SW, −0.85 at DW) (Tables 4 and 5). At WF1, CO2 may be stored in the
epikarst or regional aquifer in dissolved form, causing higher concentrations and a longer
infiltration period into the system during the summer and fall months. Because WF1 has
more direct infiltration and rapid recharge, this would cause a more rapid change in CO2

concentrations in response to warm seasons, when CO2 accumulates in the epikarst due
to root and biological activity. In Figures 3 and 4, SW and DW have lag times where the
seasonal increases in CO2 are shifted later relative to WF1, due to the difference in depth
and flowing water between WF1 and the two wells, which would take longer for dissolved
CO2 to reach via the groundwater system.

CH4 concentrations peak in the fall season across the sampling period, whereas
N2O concentrations were highest during the cooler months (winter/spring) (Figures 3–5).
Methane concentrations were significantly elevated in the warm season at SW and DW,
but not at WF1, reflecting a site-dependent seasonal pattern (Figures 3–5). Kruskal–Wallis
tests were significant at SW (H = 19.73, p < 0.001, η2 = 0.20) and DW (H = 32.53, p < 0.001,
η2 = 0.33), but not at WF1 (H = 5.43, p = 0.143, η2 = 0.05), where concentrations remained
uniformly low across all seasons (medians 0.02–0.03 mM). At SW and DW, CH4 was highest
in fall and summer and lowest in spring and winter. When seasons were pooled, warm
season CH4 was significantly higher than cold at SW (p = 0.002) and DW (p < 0.001), but
not at WF1 (p = 0.159). Site comparisons confirmed that WF1 was significantly lower than
both SW and DW in both warm (η2 = 0.41) and cold season groups (all p < 0.001), while SW
and DW did not differ significantly from each other in either season (Tables 2–4).
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Figure 3. Dissolved greenhouse gas concentrations at Crumps Cave WF1.

Figure 4. Dissolved greenhouse gas concentrations at SW.
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Figure 5. Dissolved greenhouse gas concentrations at DW.

Nitrous oxide exhibited a seasonal pattern inverse to CO2 and CH4, with concentra-
tions elevated in the cold season (winter + spring) and suppressed in the warm season
(summer + fall) (Tables 2–4, Figures 3–5). Kruskal–Wallis tests across the four individ-
ual seasons were significant at WF1 (H = 10.46, p = 0.015, η2 = 0.10) and DW (H = 9.19,
p = 0.027, η2 = 0.09), and non-significant at SW (H = 6.18, p = 0.103, η2 = 0.06) reflecting
high intra-seasonal variability associated with episodic recharge events at that site (winter
IQR = 148.80 µM). When seasons were pooled into warm and cold groups, cold season
N2O was significantly higher than warm at all three sites (WF1: p = 0.006, r = 0.32; SW:
p = 0.035, r = 0.24; DW: p = 0.010, r = 0.30), with medium effect sizes throughout. Unlike CO2

and CH4, N2O did not differ significantly between sites within either season group (warm:
H = 5.66, p = 0.059; cold: H = 4.09, p = 0.129), indicating a consistent seasonal response
across all sites regardless of their hydrological characteristics (Tables 4 and 5).

3.3. Cave CO2 Atmospheric Gas and Sampling Site Responses

Cave atmospheric CO2 (Figure 6) also followed a seasonal trend with the highest
concentrations in the summer and fall, following the seasonal change in temperatures and
vegetation activity. Root and microbial respiration increase dissolved CO2 invading the
groundwater system and creating carbonic acid, causing lower pH values during these
months. This form of CO2 is considered to influence cave formation [23–25]. Ref. [26] re-
cently conducted a study on phreatic caves, which suggests that atmospheric CO2 may help
to accelerate cave genesis. Seasonal shifts reflect changes in cave atmosphere with respect
to the growing season, which also influence CO2 concentrations in the soil and epikarst [27].
Cave atmospheric carbon dioxide at WF1 was highest in the summer months at 42,800
ppmv and lowest in the winter at 422 ppmv. Table 3 presents the minimum/maximum
concentrations of atmospheric CO2, dissolved CO2, and HCO3- and the season when these
extremes occurred. The seasonal trends indicate dissolution is actively occurring via car-
bonate dissolution primarily during the summer and fall periods when CO2 concentration
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gradients are highest in the system. While the trends are similar between these datasets,
the dissolved CO2 values are more variable at each groundwater sampling site and more
abrupt in response to changes in hydrologic drivers, while also being in a narrower range
and lower concentrations than the cave air.

Figure 6. Cave atmospheric CO2 at WF1 in conjunction with dissolved CO2 and HCO3− at WF1, SW,
and DW. Notice the shift from WF1 to SW and DW. This is due to a “lag” time where the compounds
must travel through the karst system and the effect of differing recharge rates. Seasonal effects on
CO2 exist across all sampling sites.
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4. Discussion
4.1. Carbon Dioxide

Seasonal changes in pH at each sampling site are likely due to soil respiration from
soil fauna, soil microorganisms and plant roots, all of which produce CO2 in the soil zone
that concentrates and may diffuse downward into the porous carbonate bedrock [24–26].
These factors represent seasonal differences that are either dormant or have slow respira-
tion rates in cooler seasons and active respiration rates in warmer months, causing CO2

concentration to fluctuate. Seasonal rain events generally transport CO2 into the karst
system, where it is transformed into carbonic acid which is mostly responsible for the disso-
lution of the limestone. The process slows down when temperatures decrease and reduces
soil respiration.

Carbon dioxide at all three sites (Figures 2–4) revealed concentrations and variability
flow typical of a karst landscape [27,28]. This was confirmed statistically: Kruskal–Wallis
tests showed highly significant seasonal variation in CO2 at all three sites (WF1: H = 62.31,
p < 0.001, η2 = 0.62; SW: H = 33.99, p < 0.001, η2 = 0.34; DW: H = 55.80, p < 0.001, η2 = 0.56),
with large effect sizes throughout (Table 2). Pairwise comparisons confirmed that summer
and fall concentrations were each significantly higher than spring and winter at all three
sites (all p < 0.001 after Bonferroni correction; Table 3), consistent with temperature-driven
biological respiration during the growing season. During the growing season, increased soil
temperatures encourage root growth and increase microbial activity in the soil, releasing
respired CO2 into the soil that can invade as dissolved CO2 in the groundwater and lower
its pH. This seasonal increase in soil CO2 concentrations, and concomitant decrease in pH
during the growing season, has been noted by previous researchers [29].

When seasons were pooled into warm (summer + fall) and cold (winter + spring)
groups, the contrast remained highly significant at all sites (all p < 0.001), with large effect
sizes (rank-biserial r = −0.88 at WF1, −0.67 at SW, −0.85 at DW; Table 3). The dissolved CO2,
along with carbonic acid and bicarbonate, transferred with the percolating waters moving
through the epikarst and into the groundwater and caused a seasonal pH change. During
the dry seasons of September to November, CO2 was elevated in response to vegetation
maturation at the surface which coincides with less precipitation, lower humidity, and
lower soil moisture. As the seasons progress from warmer to cooler temperatures, soil
microorganisms and root growth respond by decreasing respiration which may account
for the limited CO2 variation observed over the winter months [30]; however, bicarbonate
concentration increased in the fall as pH increased and CO2 values decreased in the winter
(Table 1).

Carbon dioxide being produced and consumed may also be transported in ground-
water through diffusion from high-concentration areas in the soil and epikarst. The deep
well had more carbonate buffering as indicated by its specific conductivity values and
bicarbonate values (Table 1). All three sites have different characteristics involving depth
and lag time: SW and DW have slow recharge/discharge environments, while WF1 has a
direct infiltration system where surface waters recharge directly and cause rapid changes
in CO2 concentrations. Site comparisons within season groups indicate that WF1 had
significantly lower CO2 than both SW and DW during the cold season (p = 0.001 and
p < 0.001, respectively; Table 4), consistent with its direct epikarst infiltration characteristics.
In both SW and DW, CO2 can reversibly transform to bicarbonate where dissolution and
deposition of bedrock occur. In the summer months, when pH is lower and CO2 higher,
latent CO2 emissions seem more likely as groundwater moves downward at the sampling
sites and causes a concentration gradient due to diffusion into the groundwater.
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Carbon Dioxide Dynamics

Inorganic acids in the soil become more concentrated (due to higher rates of soil
respiration) and rainfall transports dissolved CO2 via rapid recharge through the soil and
epikarst zones; hence, higher concentrations of carbonic acid enter the groundwater system
where it dissolves the carbonate rock. As CO2 moves into the groundwater, this may result
in elevated CO2 in the cave atmosphere, elevating it ten times or more compared to what
is recorded at the surface [31], or may be released at the surface, redirecting back into the
atmosphere. In the winter months, where the soil CO2 produced at the surface is reduced
due to microbial and/or root dormancy, cave atmospheric CO2 may be diminished. Since
the winter surface temperature may be lower than the average cave temperature (stable
~13 ◦C), the partial pressure is lower and the cave will vent out any accumulated CO2.
Ref. [32] recorded similar results in a show cave in Vietnam, where summer CO2 concentra-
tions recorded 13,500 ppmv compared to winter concentrations of 1500–3000 ppmv, which
was explained by diminishing microbial activity and low surface temperatures. In this
study, CO2 concentrations in the cave were recorded exceeding 40,000 ppmv in September
of 2016 and 30,000 ppmv in July–August 2017 (Figure 6). Dissolved CO2 concentrations
increased in water samples taken at WF1, SW, and DW during these periods. The spikes
in the concentration of dissolved CO2 were followed by increases in the concentration of
HCO3− suggesting resultant dissolution of carbonate minerals. There is a slight lag in
the dissolved CO2 response during the warm season transition, likely due to the slower
buildup of CO2 in the epikarst and vadose zones to create a gradient for downward mi-
gration into the groundwater system. These results suggest that karst groundwater in
this region could be a large regional source of CO2 emissions during the growing season,
due to soil respiration, transport of CO2 into the aquifer, and subsequent dissolution of
carbonate minerals releasing CO2 back to the environment. The magnitude of seasonal
indirect CO2 emissions would depend greatly upon the buffering capacity and pH of the
receiving waters at the site of groundwater discharge (e.g., surface spring). Further studies
would be needed to test this hypothesis and the magnitude of the potential emissions via
this mechanism.

4.2. Methane

Since CH4 is produced and consumed biologically, concentration peaks are likely
driven by methanogenesis. Kruskal–Wallis tests revealed a significant site-dependent
seasonal pattern: CH4 varied significantly at SW (H = 19.73, p < 0.001, η2 = 0.20) and DW
(H = 32.53, p < 0.001, η2 = 0.33), but not at WF1 (H = 5.43, p = 0.143, η2 = 0.05; Table 2). The
absence of a seasonal CH4 signal at WF1, where concentrations remained uniformly low
across all seasons (medians 0.02–0.03 mM), is consistent with its direct epikarst infiltration
characteristics and predominantly oxic conditions, which suppress methanogenesis year-
round. The low concentrations at WF1 may also reflect degassing and discharge occurring
in the vadose zone. Soil tillage during the planting months of March–April may have
caused concentration spikes as it releases organic matter (OM); however, OM availability
and less dynamic recharge appear to be the principal drivers of CH4 generation at SW
and DW. CH4 production in WFI was stable through the first year of the study (15–16)
with a concentration peak of 0.32 mmol/L (Figures 3 and 4), which occurred after a rain
event on 5 June 2016, causing CH4 to move through the epikarst and into the groundwater.
The second year of the study (16–17) indicated a few spikes of CH4 concentration (1.0 to
2.7 mmol/L) in late spring (Figures 3 and 4), also occurring around rain events.

At SW and DW, CH4 was markedly elevated in summer and fall and lowest in spring
and winter, consistent with the fall and winter months providing decaying OM as a source
for methanogenesis [33]. Pairwise tests confirmed these contrasts: at DW, spring values
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were significantly lower than summer and fall values, and winter values were signifi-
cantly lower than summer and fall values (all p < 0.001; Table 2). Grouping seasons con-
firmed this pattern: warm season CH4 was significantly higher than cold at SW (p = 0.002,
r = −0.36) and DW (p < 0.001, r = −0.63), but not at WF1 (p = 0.159; Table 3). The erratic CH4

concentrations observed at SW and DW during fall and winter, when OM from vegetation,
arthropods, and seasonal biota is decaying and transported via precipitation, contrast with
the minimal concentration differences during spring and summer, probably due to reduced
rainfall and lower availability of organic carbon at the time. Ref. [1] also found an increase
in CH4 in the fall season due to OM decaying.

Importantly, WF1 was significantly lower than both SW and DW in both warm
(p < 0.001, η2 = 0.41) and cold seasons (p < 0.001 and p = 0.001, respectively; Table 4),
while SW and DW did not differ from each other in either season group. This indicates that
hydrological connectivity and anaerobic conditions, rather than specific site characteristics,
are likely the key drivers of CH4 production, with WF1’s variable flow and more oxic
conditions suppressing methanogenesis that SW and DW sustain year-round through their
slower recharge/discharge dynamics.

4.3. Nitrous Oxide

Nitrous oxide is significantly influenced by anthropogenic land use [34]. Ultimately,
N2O at all three sampling sites was driven by land use through fertilizer application
and rainfall recharge events that supply the nitrogen source needed for the nitrogen
cycle. Anhydrous ammonia was applied to the field adjacent to the site prior to planting
corn in the spring. Winter wheat was planted in the fall, and soybeans which fix N
and require no N fertilization were planted following the wheat harvest in mid-summer,
reducing inorganic nitrogen accumulation during that period. The timing of when the
N source enters the ground influences its residence time in the epikarst and potential
concentration for availability in microbiological processes. Rapid recharge in the epikarst
reduces the time available for nitrifiers and denitrifiers to utilize and reduce nitrates
derived from surface fertilizer applications [35], and rapid discharge at WF1 may prevent
denitrifiers from reducing NO3

− to NO2
−. When water levels were low at SW and DW,

indicating slower groundwater movement and less recharge, N2O concentrations were
low, consistent with denitrification proceeding more completely under extended residence
times. Recharge flushes the NO3

− into the groundwater, leaving an insufficient N source
for the first stage of the nitrogen cycle to occur. This may affect other microbial populations
in the denitrification process by reducing the population as a whole because of reduced
soil moisture or oxygenated soil conditions [36]. Water levels were measured at SW
and DW, since discharge could not be measured, and used as proxies for groundwater
movement in the bedrock. When the water level was low, the well water was moving
slower and receiving less recharge, allowing time for denitrification as evidenced by the
low concentrations of N2O (Figure 3) during late June through January, when rainfall
was less (Figure 1, precipitation) in 2016 and 2017. Conversely, N2O concentrations were
higher at all three sample sites (WF1, SW, and DW) between February and June of 2016
and 2017. Aboveground agricultural practices where soil may be disturbed and applied
fertilizers may increase soil nitrogen levels that would become mobile and able to enter the
groundwater system.

Statistically, N2O showed a seasonal pattern inverse to CO2 and CH4: concentrations
were elevated in cold seasons (winter + spring) and suppressed in warm seasons at all
three sites. Kruskal–Wallis tests across the four individual seasons were significant at WF1
(H = 10.46, p = 0.015, η2 = 0.10) and DW (H = 9.19, p = 0.027, η2 = 0.09), and marginally
non-significant at SW (H = 6.18, p = 0.103, η2 = 0.06; Table 1). At SW, winter and spring
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medians were notably elevated (11.16 and 13.53 µM, respectively) compared to summer
(2.12 µM) and fall (3.13 µM); yet, no pairwise contrast survived Bonferroni correction due
to extreme variability, as winter IQR at SW was 148.80 µM with individual observations
reaching 728 µM (Table 2), likely reflecting episodic high-N2O pulse events associated with
freeze–thaw cycles or intermittent fertilizer loading. N2O concentrations were higher at
all three sites between February and June of 2016 and 2017, coinciding with aboveground
agricultural practices, soil disturbance, and fertilizer application.

When seasons were pooled into warm and cold groups, the N2O signal became clearer.
Cold season concentrations were significantly higher than warm at all three sites, WF1
(p = 0.006, r = 0.32), SW (p = 0.035, r = 0.24), and DW (p = 0.010, r = 0.30; Table 3), with
medium effect sizes throughout. This is consistent with cold-season denitrification dy-
namics: lower temperatures slow N2O reductase activity relative to overall denitrification,
leading to N2O accumulation in winter and spring rather than complete reduction to
N2 [36]. Critically, N2O concentrations did not differ significantly between sites within
either season group (warm: H = 5.66, p = 0.059; cold: H = 4.09, p = 0.129; Table 4), indicat-
ing that seasonal, temperature-driven denitrification, rather than site-specific hydrology,
governs N2O dynamics across this system. This contrasts with CH4, where site hydrology
was the dominant control, and CO2, where seasonal and site effects both contributed.

4.4. Impacts on Indirect Dissolved GHGs

The epikarst can store varying volumes of water on a local scale compared to primary
aquifers that hold large volumes of water and supply large regions [28,37]; thus, karst
groundwater systems may be a source of indirect GHG emissions under agricultural
land use. The statistical analyses presented here support and extend this view, as each
gas is governed by a distinct combination of seasonal and site-level controls, with CO2

driven predominantly by temperature and seasonal respiration, CH4 by site hydrology
and anaerobic conditions, and N2O by seasonal temperature effects on denitrification that
are broadly consistent across all three sites regardless of hydrological characteristics. As
stated by [3,38], the dynamics of indirect GHGs need more research to identify sources and
sinks along with temporal evolution of karst systems under varying storm conditions and
soil saturation and GHG production rates that are affected by land use. Nitrous oxide in
particular requires further investigation to understand how soil biota, through the N cycle,
affect GHG concentrations [39], especially given the episodic high-concentration pulse
events observed at SW. By examining how NO3

− is transformed through nitrification and
denitrification, and the use of isotope tracers, a better understanding of which sources of N
are being used, either organic or inorganic, can be gleaned. Organic N may stay in the soil
longer due to mineralization, resulting in less N leachate transported into the groundwater
system. New studies exploring the dynamics of dissolved inorganic carbon and OM may
help to reveal how CH4 is transported through the epikarst and into groundwater even in
very deep aquifers.

5. Conclusions
Dissolved CO2, N2O, and CH4 varied markedly across seasons at all three sampling

sites, driven by a combination of agricultural practices, precipitation, soil biological activity,
and site hydrology. Statistical analysis confirmed that each gas is governed by a distinct
set of controls, with seasonal patterns and site-level differences that are ecologically inter-
pretable and statistically robust. The fate of each GHG is determined by how it was formed
and transported within the karst system.

Carbon dioxide showed the strongest and most consistent seasonal signal of the three
gases, with significantly higher concentrations in warm seasons (summer + fall) than cold
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seasons (winter + spring) at all three sites (all p < 0.001, η2 = 0.34–0.62). This pattern reflects
temperature-driven soil respiration: microbial and root activity during the growing season
elevates dissolved CO2 in the soil zone, which is transported by rainfall into the karst
system where it forms carbonic acid, lowers groundwater pH, and drives dissolution of
carbonate bedrock. As a seasonal shift occurs from summer to winter, CO2 production
declines, pH rises, and bicarbonate concentrations increase [1,40–43]. Groundwater serves
as the medium that entrains and transports each individual gas within the groundwater
system, and the three sites differ in the rate at which this occurs: WF1, with its direct
infiltration system, responds rapidly to surface CO2 inputs, while the slower recharge
environments of SW and DW buffer and delay the signal. These dynamics suggest that
karst groundwater in this region may be a significant regional source of CO2 emissions
during the growing season, warranting further quantification.

Higher concentrations of dissolved N2O seemed to be a result of fertilizer application
whether in organic or inorganic form [1]. Since N2O is a by-product of denitrification,
its concentration is influenced by BMPs directly linked to land use [36]. Nitrous oxide
exhibited a seasonal pattern inverse to CO2 and CH4: concentrations were significantly
elevated in cold seasons (winter + spring) relative to warm seasons at all three sites (WF1:
p = 0.006; SW: p = 0.035; DW: p = 0.010), consistent with cold-season denitrification dynamics
in which lower temperatures slow N2O reductase activity and lead to N2O accumulation
rather than complete reduction to N2. Critically, N2O did not differ significantly between
sites in either season group, indicating that temperature-driven denitrification, rather than
site hydrology, is the primary control. This site-independent response reflects the influence
of surface agricultural practices and fairly consistent karst groundwater temperatures.
Fertilizer application in spring and the nitrogen cycle processes that follow are broadly
expressed across all three sites regardless of their hydrological characteristics. Residual
nitrates leaching through the epikarst and bedrock accumulate in groundwater and may
be redirected into streams and rivers, representing a diffuse nitrogen loss pathway linked
directly to land use.

Methane concentrations were governed primarily by site hydrology rather than sea-
son alone. At WF1, CH4 remained uniformly low year-round (medians 0.02–0.03 mM),
consistent with the oxic conditions of a direct-infiltration upland site that suppress methano-
genesis regardless of season. At SW and DW, CH4 was significantly elevated in warm
seasons relative to cold (p < 0.001 and p = 0.002, respectively), likely driven by the availabil-
ity of decaying organic matter, particularly in fall and winter, and the anaerobic conditions
sustained by slower groundwater recharge [44]. WF1 was statistically distinguishable from
both SW and DW in both season groups (η2 = 0.41 in warm seasons), while SW and DW
did not differ from each other, suggesting that hydrological connectivity and persistent
anoxia are the primary prerequisites for methane production in this karst system.

Collectively, these findings demonstrate that indirect greenhouse gas dynamics in
karst groundwater under agricultural land use are gas-specific, seasonally structured, and
mediated by the interplay of microbial activity, site hydrology, and land management. CO2

and CH4 are shaped by both season and site character, while N2O is driven primarily
by seasonal temperature and agricultural nitrogen inputs uniformly across sites. Indirect
greenhouse gases are linked to karst groundwater systems and can be transported from, or
stored within, the vadose and epiphreatic zones of karst aquifers under agricultural lands.
Best management practices in karst agricultural areas, including timing of fertilizer applica-
tion, tillage practices, and management of organic matter inputs, may influence indirect
GHG concentrations through complex interactions of groundwater recharge, microbial
activity, and seasonal land-use variability. Further quantification of both the transport and
fate of indirect GHGs in karst systems may provide additional data to supplement GHG
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cycle modeling and inform air quality remediation strategies in rural karst areas where
agricultural practices prevail.
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