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ABSTRACT
Wetlands occupy 4%–8% of the Earth's terrestrial surface and perform critical ecosystem functions, including water quality and 
quantity regulation, wildlife habitat provision and carbon storage. ‘Vegas’, wetlands in Chilean Patagonia, are unique ecosystems 
that play a vital role in water supply and forage productivity, which are essential for sheep farming, the region's main economic 
activity. This study aimed to analyse the spatial variability of soil functions, evaluate water dynamics and correlate hydrological 
behaviour with environmental characteristics in Patagonian Vega. Seven excavation sites were selected along a topographical 
transect, with soil samples collected at depths of 5, 30, and 80 cm. Sensors were installed to measure soil water content and matric 
potential. Analyses included WRC, Ka and Ks. Results showed hydric deficits for 84.3% of the evaluation period and a progressive 
decline in the water table. Air capacity and plant available water varied significantly across topographical positions and depths. 
Soils on summits and footslopes exhibited higher hydraulic conductivity but lower water retention compared to soils in the centre 
of the Vega, which remained saturated in deeper horizons. A strong correlation was observed between soil water content and 
evapotranspiration (ETo), whereas precipitation had minimal influence. Vegas acts as natural sponges, storing and releasing 
water according to seasonal demands. The central zone of the Vega plays a pivotal role in maintaining soil moisture and support-
ing forage productivity, while peripheral areas contribute to hydrological flows via surface and subsurface runoff. These results 
underscore the importance of treating Vegas as protected wetlands and adopting sustainable management strategies to conserve 
their ecosystem services in the face of climate change and increasing anthropogenic pressures. Patagonian Vegas exhibits signif-
icant spatial variability in soil functions, which are critical for water regulation and biodiversity support.
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1   |   Introduction

Wetlands, despite covering only 4%–8% of the Earth's land sur-
face, deliver essential ecosystem functions that include regulat-
ing water quantity and quality, providing habitat for wildlife, 
controlling floods and contributing to atmospheric carbon 
cycling (Kurek et  al.  2024). Among these, peatlands—an im-
portant wetland type—store approximately 10% of global fresh-
water and account for 20%–30% of global soil organic carbon 
(Xia et  al.  2024). These functions are primarily driven by the 
water cycle, which, in wetland environments, is closely linked 
to the physical behaviour of soils, particularly in their ability to 
store and conduct water and air within the vadose zone (Wells 
et al. 2017).

In the arid and semi-arid landscapes of Patagonia, wetland 
meadows—locally known as Vegas—play a critical ecological 
and productive role. These ecosystems act as water sources for 
both wildlife and livestock (Epele et al. 2022) and exhibit excep-
tionally high forage productivity, reaching 3000–5000 kg DM 
ha−1 year−1—10 to 20 times more than the surrounding steppe 
vegetation (Irisarri et al. 2022). As a result, Vegas are fundamen-
tal to regional sheep grazing systems, which support more than 
half of Chile's national sheep population (INE 2007). However, 
their high water availability also attracts concentrated herbi-
vore use, leading to degradation of plant communities and soil 
properties due to overgrazing (Utrilla et al. 2005). This degra-
dation is often intensified by artificial drainage interventions 
in the more saturated zones (Filipová 2011) contributing to the 
loss of vital ecosystem services. In particular, the decline of soil 
physical functions—such as water retention and conduction—
reduces the capacity of soils to regulate hydrological dynam-
ics, ultimately impacting watershed-scale water balance (Word 
et al. 2022).

The functioning of Vegas is primarily sustained by hydro-
logical inputs from precipitation (snow and rain), surface 
and subsurface runoff and groundwater recharged from sur-
rounding elevated areas (Ciari 2009b; Horne and Polla 2021; 
Raffaele  2004). Because these meadows typically occupy 
low-lying zones, they accumulate water from adjacent slopes, 
facilitated by subsurface discontinuities in the soil profile 
that allow temporary or permanent saturation (Ciari 2009a). 
Moreover, the soil surrounding Vegas plays a determining role 
in their hydrology, as even slight variations in topography in-
fluence soil moisture distribution from the centre to the mar-
gins (Vargas 2017).

Despite some studies addressing the hydrological dynamics of 
Vegas, the role of soil as a buffer or regulator of the water cycle 
remains poorly understood. This knowledge gap is especially 
concerning given that water management in arid and semi-arid 
regions is already challenged by low rainfall and high evapo-
transpiration rates (Krevh et al. 2022). A better understanding of 
the interactions between soil properties and hydrology is essen-
tial for informed management of these ecosystems.

Patagonian Vegas are not only ecologically and economically 
significant, but also globally unique. They are among the 
southernmost agricultural and livestock ecosystems on Earth, 
occurring near Antarctica (Covacevich  2006) and along with 

one of the world's steepest precipitation gradients (Garreaud 
et al. 2013). As such, they have no clear analogue in the Northern 
Hemisphere (Collantes et  al.  2009; Collantes and Faggi  1999; 
Tuhkanen  1992). In light of their distinctiveness and vulner-
ability, this study aims to (1) analyse the spatial variability of 
soil functions across a Vega, (2) evaluate the water dynamics 
associated with soil physical functions and (3) correlate how 
hydrological patterns relate to environmental characteristics 
in a meadow wetland of the southernmost Chilean Patagonian 
rangeland.

2   |   Materials and Methods

2.1   |   Site Selection, Monitoring Station Display 
and Soil Sampling

The study site was in a micro-watershed made up of wetlands 
and highlands located in the National Institution of Agricultural 
Research's Experimental Station (INIA-Kampenaike, 52°41′28.69 
‘S; 71°1′30.72’ W). The sampling area was determined consid-
ering the convergence of the modelled water flows (Figure 1). 
In addition, the cross-sectional area of the Vega was considered 
to include the xeric, mesic and hydrophytic zones (Mazzoni and 
Rabassa 2013).

Seven excavation sites were chosen (C1, C2, C3, C4, C5, C6 and 
C7) for the summits and footslopes with a north–south orien-
tation, as well as in the centre of the Vega. These were char-
acterized (Table  1) and classified according to Soil Survey 
Staff (2004).

After classification, the sampling depths were determined con-
sidering a similar change of horizons in all sites. That is, at 5 
(H1), 30 (H2) and 80 (H3) cm, there was a noticeable change of 
horizons in all sites. Undisturbed soil samples were extracted 
from the three depths from each of the seven excavation sites 
across the Vega. These samples were taken in 230 cm3 (h: 5.6 cm, 
ø: 7.2 cm) stainless steel cylinders. The cylinders were covered 
with metal lids and polypropylene plastic sheets to prevent soil 
disturbance and evaporation. Sufficient disturbed samples were 
extracted from all positions and depths for physical and chemi-
cal characterization. The soils evaluated were classified accord-
ing to Soil Survey Staff - NRCS/USDA (2014).

At five of the excavation sites, soil water content (SWC) sen-
sors (Metre Group Teros 12) were installed at 5-, 30- and 80-cm 
depths (n = 2) (referred to as C1, C3, C4, C5 and C7, Figure 1). 
Soil matric potential sensors (Metre Group Teros 21 measuring 
range 1.70 to 6.00 pF) were also installed at the same depths 
(5-cm depth n = 2-, 30- and 80-cm depth n = 1). A Datalogger 
(Em50 Decagon Devices, USA) was used to configure measure-
ments and store the registered data.

SWC sensors were calibrated using undisturbed soil samples 
collected from each position and depth, following the meth-
odology described by Dec, Bravo, et  al.  (2022). Briefly, cali-
bration involved establishing a relationship between the raw 
sensor readings (independent variable) and gravimetrically 
determined soil moisture (dependent variable). Six PVC cyl-
inders (765 cm3 each) were collected per soil horizon. Four of 
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FIGURE 1    |     Legend on next page.
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these were saturated via capillary rise, while the remaining 
two were preserved at their field moisture content. To cap-
ture a wide range of water contents, two saturated cylinders 
were evaluated directly, and two were allowed to drain for 
48 h prior to measurement. During each evaluation, a sensor 
was inserted into the sample to record a raw signal, which was 
then related to the sample's weight. All samples were subse-
quently oven-dried at 105°C to determine bulk density. The 
calibration equation with the best statistical fit—that is, high-
est coefficient of determination (R2) and lowest mean square 
error—was selected. Volumetric water content (Vol%) was 
then calculated using this equation and the corresponding 
bulk density of each sample.

2.2   |   Environmental Conditions and Temporal 
Variation of Groundwater Table Depth

The ETo was calculated with the FAO Penman–Monteith equa-
tion (Allen et al. 2006), using data from the Automatic Weather 
Station located in the same Research Center INIA-Kampenaike. 
The accumulated precipitation data were also obtained from the 
same station. The hydric deficit was determined as the differ-
ence between daily accumulated rainfall and the calculated po-
tential evapotranspiration (ETo).

To characterize the temporal variation of the groundwater 
table height, 1 piezometer was installed in the middle of the 
watershed manually (S4, Figure 1). A Level Troll 300 was used 
to measure the groundwater table and the Rugged Baro Troll 
compensated for this measurement with the barometric pres-
sure. The piezometer (100-mm diameter PVC tube screened 
with 2-mm holes) was installed in a 2.4-m deep hole, which 
was dug with manual augers. The outer edge of the piezom-
eter was lined with a 13-cm-diameter gravel layer to prevent 
particles from impeding the water flow through the PVC tube. 
Finally, the edges of the surface were sealed with Bentonite to 
prevent the direct entry of rainwater. The groundwater level 
is expressed considering the elevation (meters above sea level) 
of the surface.

Water balance at the wetland meadow scale is controlled by 
different hydrological processes that recharge and discharge 
the system. Recharge fluxes are groundwater inputs (Qgwi), 
rain (R) and snowmelt (Sw) infiltration and surface flow (Qsfi). 
Discharge fluxes are evapotranspiration (ETo), groundwater 
and surface flow outputs (Qgwo; Qsfo) and water extractions 
such as pumping or drainage (Ext).

The water balance was assessed on a monthly scale over the 
surface of the wetland meadow, based on monitoring data 
(Ivelic-Sáez, Dörner, et  al.  2021). To estimate groundwater 

flows, groundwater table data were used to determine gradients 
of the upstream inflows and the downstream outflow. For this 
purpose, aquifer properties such as width, depth and hydrau-
lic conductivity data for the floodplains were obtained from soil 
analyses conducted in this research. Surface water inputs and 
outputs, as well as ETo estimation, were based on monitoring 
data. No water extraction was detected during the 2-year moni-
toring campaign.

2.3   |   Laboratory Analysis

For the determination of the water retention curve, the undis-
turbed soil samples (n = 7 for each depth) were first carefully 
saturated from beneath. After saturation (which represents 
the total porosity, Ɵ(0kPa)), the samples were first weighed, then 
equilibrated at matric potential values of −1, −2, −3, −6 (in sand 
tables), −15, −33 kPa (in pressure chambers) and weighed at 
each tension with an electronic balance (Precisa, Switzerland; 
0.01 g accuracy). To define the volume of fine pores, saturated 
disturbed samples from each site and horizon were equilibrated 
at a matric potential of −1543 kPa (pF = 4.2).

The air capacity (AC) and plant available water (PAW) were de-
termined as follows (Dec and Dörner 2014):

where Ɵ(0kPa), Ɵ(-6kPa) and Ɵ(-1543kPa) are the volumetric water 
content at saturation, −6 and −1543 kPa, respectively.

The air permeability (Ka) was measured from −6 to −33 kPa 
using the same samples for the determination of the water re-
tention curve, using an airflow meter with different scales (Key 
Instruments, Trevore, USA) that permitted the measurement of 
the range of air conductivity (kl) between 0.1 and 10 L min−1 and 
a pressure difference of 0.1 kPa (Dörner and Horn 2006). During 
the measurements, the changes in atmospheric pressure and 
temperature were registered and used in the calculations of kl 
(equation 3) Later, from kl, the air permeability (Ka mm2) was 
determined.

where Ka is the air permeability (mm2), kl is the air conductivity 
(cm s−1), n is the viscosity of air (g s−1 cm−1), ρl is the density of 
air (kg m−3) and g is the acceleration of gravity (m s−2). Both vis-
cosity and air density were corrected for T (C°).

The saturated hydraulic conductivity (Ks) of undisturbed soil 
samples (n = 10 for each depth) was measured with a constant-
head permeameter (Eijkelkamp, The Netherlands; model 

(1)

(

Qgwi+Qsf +
R+Sw

Δt
∗A

)

−

(

Qgwo−Qsfo−Ext−
ETo

Δt
∗A

)

=
ΔV

Δt

(2)AC (Vol. %) = θ(0kPa) − θ(−6kPa)

(3)PAW (Vol. %) = θ(−6kPa) − θ(−1543kPa)

(3)Ka = kl ∗
n

�l∗ g

FIGURE 1    |    Digital elevation model (DEM) and modelled water network from the study area. Orange points indicate the different topographic 
positions and excavation sites (Pits from C1 to C7). The pink point indicates the Piezometer (S4) and soil characteristics at each topographic position 
and soil depth across the wetland meadow (adapted from Ivelic-Sáez, Cisternas, et al. 2025). +According to Soil Survey Staff (2014). SOC, soil organic 
carbon (g 100 g−1).
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09.02.01.25). The Ks measurements started 1 h after having 
reached constant water flow (i.e., after 48 h.) Thereafter, they 
were dried at 105°C for 24 h to determine the bulk density 
(Hartge and Horn 2009).

Total porosity, CA and PAW could not be determined in hori-
zons H2 and H3 of the first site because they were developed 
gravel horizons of till glacier.

2.4   |   Statistical Analysis

Soil physical parameters were analysed using a nested exper-
imental design where the three depths (5, 30 and 80 cm) are 
nested within each site (C1, C2, C3, C4, C5, C6 and C7). The 
Tukey test was used to assess the differences in means. The 
assumptions of residual normality, homoscedasticity and vari-
ance independence were verified using the Shapiro–Wilk test, 
the Levene and Bartlett tests and the Durbin–Watson test, re-
spectively. The Ks and Ka data were log-transformed to obtain a 
normal distribution.

To perform the time-series analyses, observation gaps in the 
time series had to be filled in order to maintain the same reso-
lution throughout the entire study period (7 March 2019 and 23 
February 2022). Thus, the imputation method using moving av-
erages was used in case of missing data. The maximum imputed 
data in a data series were 51 days out of a total of 1085. The data 
regarding matric potentials were transformed to pF using the 
Log10 (hPa).

The analyses were performed using R 4.0.2 (RStudio 
Team  2023) and RStudio 2022.7.1.554 (RStudio Team  2023) 
and the related library zoos (Zeileis and Grothendieck 2005), 
tidyverse (Wickham et  al.  2019) and agricolae (de 
Mendiburu 2009).

3   |   Results

Topographic positions across the Vega ranged from 0.9% to 
20.5% slope, and elevations between 49.5 and 57.8 m.a.s.l. 
Summit and footslope soils were predominantly sandy (60%–
90% sand), while the low northern footslope (C3) and centre 
(C4) exhibited higher organic carbon content (24.3–30.4 g 
100 g−1 at 5-cm depth) and a finer, siltier texture. Finer sed-
iments were also identified in deeper layers on the southern 
slope (Figure 1).

3.1   |   Hydric Deficit and Water Table Depth During 
the Studied Period (7 March 2019 to 23 February 
2022)

The studied ecosystem presented a hydric deficit of 915 days: 
84.3% of the total evaluated period. Exceptions were observed for 
the months of April, June and July 2019, May and June 2020 and 
April and July 2021. The maximum deficit per year was reached 
in November 2019 with −83.05 mm month−1, February 2020 with 
−102.64 mm month−1, December 2021 with −121.79 mm month−1 
and January 2022 with −109.65 mm month−1 (Figure 2a).T
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During the year 2019, the water table height (m) (WT, 
Figure  2b) dropped 0.45 m from the while on 20-03-2019, it 
went down 1.17 m. In 2020, the water level dropped 0.69 m 
from the surface on 27-10, while the largest decrease was 
1.4 m on 28-04. During 2021, the water level dropped 1.0 m on 
30-09, while the largest decrease was 1.6 m on 28-03. During 
2022, the shallowest and deepest water levels declined 1.5 and 
1.7 m between 01-01 and 02-02. In addition, a trend of decreas-
ing water table height was observed from the beginning to the 
end of the trial.

3.2   |   Variability of the Physical Parameters of Soils 
Along the Transect

Highly significant differences in AC were observed between 
soils across the topographic positions (Figure  3a), with the 
highest values at the 5-cm depth in C2 and the lowest in C4 
at 80 cm (0.8%). At 30-cm depth, most positions (Pits) a higher 
AC. Differences in the amount of PAW were also observed 
among sites (p < 0.05, Figure  2b). On average, C3 and C4 at 
5-cm depth had the highest PAW (43.0 and 43.6% respectively), 
while the lowest PAW values were observed in C1, C5, C6 and 
C7. In general, the highest values in all cases occurred in the 
first horizons and decreased with soil depth (except in C4, 
Figure 3b).

The air permeability (Ka, measured at—6 kPa) reached average 
values between 0.8 mm2 in C3 at the 80-cm depth and 3.1 mm2 
in the first horizon of C2 (Figure  3c). All horizons presented 
statistically significant differences, except C7 where the value 
remained between 1.4 and 1.8 mm2. Furthermore, there were 
highly significant differences in Ks between topographic posi-
tions (Figure 3d); however, the data variation and the presence 

of outliers were greater than those found for other parameters. 
Overall, C2 at the 5-cm depth presented the highest conductiv-
ity, 3.6 log cm s−1, while C3 showed the lowest value of hydraulic 
conductivity at the 80-cm depth, 1.6 log cm s−1. The southern 
footslope C5 and the summit C7 presented no statistical differ-
ences in depth.

3.3   |   SWC and Matric Potential Dynamics of Soils 
Across the Vega

In general, the first horizon (H1) of all of the sites never 
reached full saturation (not even in the winter months), and it 
is noteworthy that C4 remained below the permanent wilting 
point (PWP) for most of the experiment, while at the other sites 
there was a fluctuation from AC to PWP that began in January 
and lasted throughout the summer and early autumn. Unlike 
the first horizon, the dynamics of H2 (30 cm) were more stable 
(less fluctuating) over time. H1 in November, the SWC levels 
began to decrease until approximately May. The PWP at C3-
H2 could not be determined. Greater stability was found in 
the SWC in H3; however, no clear trend among sites was ob-
served in this regard. While C7 always remained below PWP, 
C3, C4 and C5 always remained above AC. Finally, C4 always 
remained above total saturation, with a minimal AC in this 
profile (Figure 4).

Across all positions, PAW (pF = 1.78–4.19) was most con-
sistently present at 80-cm depth, often maintained for over 
1000 days during the study period. At 5- and 30-cm depths, 
the duration of PAW presence varied more notably among 
sites. C3 and C4 showed the longest periods of PAW availabil-
ity at both shallow and intermediate depths, with values ex-
ceeding 1000 days at 30 cm. In contrast, C5 and C7 exhibited 

FIGURE 2    |    (a) Precipitation (light blue line), evapotranspiration (yellow line) and hydric deficit (black bars) and (b) the fluctuations in the water 
table height (m.a.s.l) are shown for the same period. Black lines indicate the topographic position of the surface, and the red lines indicate the lineal 
tendency of the data.
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shorter PAW durations at 5 and 30 cm, while still maintaining 
near-continuous availability at 80 cm. These results highlight 
a consistent pattern of greater water retention at deeper soil 
layers, with site-specific variability in surface and subsurface 
moisture dynamics (Figure 5).

3.4   |   Correlations Between SWC and ETo, 
Precipitation and WT

In general, a highly significant correlation between the SWC 
(SWC) and the ETo was observed in H1 and H2 at all of the 

FIGURE 3    |    (a) Air capacity (Vol.%), (b) plant available water (Vol.%), (c) air permeability Ka (mm2) and (d) saturated hydraulic conductivity Ks 
(Log cm s−1). Lowercase letters indicate the difference between different depths at each site. Capital letters indicate statistical differences between 
sites. Lowercase letters indicate statistical differences between depths for the same site. (+p-value < 0.1; *p-value < 0.05; **p-value < 0.01; ns p-value 
> 0.05).

FIGURE 4    |    Soil water content dynamics (Vol.%) at every site (C1, C3, C4, C5 and C7) and depth (H1 = 5 cm, H2 = 30 cm, H3 = 80 cm). Light blue 
lines indicate the saturation point or total porosity (0 kPa), yellow lines indicate the air capacity at −6 kPa (1.78 pF) and orange lines indicate the wilt-
ing point at—1.543 kPa (4.19 pF) derived from the water retention curves.
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excavation sites (Figure 6a). This correlation decreased in H3. 
On the contrary, no overall significant correlation between the 
SWC and precipitation was found; a statistically significant cor-
relation was only observed in H3 and in some isolated cases in 
H1 and H2 (Figure 6b).

The WT (Figure 7) proved to greatly affect site C4, which can 
be demonstrated by the highly significant correlation (p-value 
< 0.01) between the WT and SWC in every depth of C4.

Finally, our results indicate that the WT influenced the ETo, 
providing the highly statistical correlation (Figure 8a), though 

no clear correlation between precipitation and WT was observed 
(p-value > 0.05; Figure 8b).

3.5   |   Overall Water Balance

Water balance results indicate that groundwater contributes up 
to 72% of the input of the Vega. However, due to low meadows 
hydraulic gradients and low aquifer hydraulic conductivity, up-
stream groundwater flows only account for 6% of the input, and 
the 66% comes from lateral contributions of rainwater runoff 
that drain into the valleys and is subsequently infiltrated. Direct 

FIGURE 5    |    Matric potential (Log (-kPa) or pF) at every site (C1, C3, C4, C5 and C7) and depth (H1 = 5 cm, H2 = 30 cm, H3 = 80 cm). Light blue 
lines indicate total saturation (pF = 0), yellow lines indicate air capacity at pF = 1.78 (−6 kPa), and orange lines indicate the wilting point at pF = 4.19 
(−1.543 kPa).

FIGURE 6    |    Pearson correlation analysis between the soil water content (Vol. %) and (a) evapotranspiration (mm) and (b) precipitation (mm).
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Patagonian Chile. By integrating in situ measurements of SWC, 
matric potential and physical properties across a topographic 
gradient and multiple depths, we demonstrated that soil func-
tions related to water movement and storage exhibit strong spa-
tial variability and are closely regulated by both topographic 
position and depth within the soil profile. While summit and 
footslope soils contribute to runoff and groundwater recharge, 
the central Vega soils act as a sponge, storing water and main-
taining plant available moisture throughout prolonged hydric 
deficits.

Our findings advance current understanding by explicitly link-
ing soil physical functioning to hydrological dynamics in Vegas, 
a topic largely overlooked in previous studies that have focused 
mainly on vegetation or superficial water patterns. Moreover, 
we provide empirical evidence that water availability in the 
centre of the Vega is sustained primarily by evapotranspiration 
demand and groundwater interactions rather than precipitation 
inputs—highlighting the need to reconsider how water budgets 
are conceptualized in these ecosystems.

From a scientific and management perspective, this research 
underscores the importance of treating Vegas as true wetlands. 
Their functioning depends on the integrity of soil-hydrology in-
teractions, which are essential for maintaining ecosystem ser-
vices such as forage production, biodiversity support and water 
regulation. Therefore, conservation and sustainable manage-
ment strategies must account for subsurface processes and spa-
tial variability in soil function to ensure the long-term resilience 
of Patagonian rangeland ecosystems.
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